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AUTHOR'S PREFACE 

■ TO 

THE FIRST EDITION. 



The following Lectures were delivered in the 
spring of 1843, before the Members of the 
Pharmaceutical Society of Great Britain, 
and are now in course of publication in the 
Pharmaceutical Journal. The substance of 
them has formed, for some years past, a portion 
of the Annual Course on Chemistry, delivered 
in the Medical School of the London 
Hospital. 

To the undermentioned eminent philoso- 
phers the author has been principally indebted 
for the information contained in the following 
pages : 

Sir Isaac Newton. — Opticks ; or, a Treatise 
of the Reflections, Refractions, Inflections, and 
Colours of Light. 

Dr. Thomas Young. — A Course of Lectures 
on Natural Philosophy and the Mechanical 
Arts. 
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Sir D. Brewster. — Various papers in the 
Transactions of the Royal Societies of London 
and Edinburgh. Also two numbers on the 
Double Refraction and Polarization of Light, 
published under the superintendence of the 
Society for the Diffusion of Useful Knowledge. 
Likewise, a Treatise on Optics, in Lardner's 
Cyclopaedia, and the article "Optics" in the 
Encyclopaedia Britannica, 7th edition. 

Fresnel. — Elementary View of the Undula- 
tory Theory of Light, in the Quarterly Journal 
of Science for 1827, 1828, 1829, translated and 
annotated by Dr. Thomas Young. Also various 
papers in the Annales de Chimie et de Physique. 
Likewise, Extrait du Bulletin de la Soci^t^ Phi- 
lomatique, Decembre, 1822, andFevrier, 1823. 

Sir J. Herschel. — Article " Light," in the 
Encyclopaedia Metropolitana. Also, Transac- 
tions of the Cambridge Philosophical Society, 
and Philosophical Transactions. 

Biot. — Various papers in the M^moires de 
TAcademie Royale des Sciences, and in the 
Annales de Chimie et de Physique. 

Airy. — Mathematical Tracts. 2d edit 1831. 
Also, Transactions of the Cambridge Philoso- 
phical Society. 



author's preface. ix 

Pouillet. — El^mens de Physique Exp&i- 
mentale et de Meteorologie, 2 vols. 1827. 

Peclet. — Trait6 Elementaire de Physique. 
2°^« ed. 2 vols. 1830. 

Quetelet, — Notes to the French Transla- 
tion of Herschel's Article on Light. Also. 
Positions de Physique. 1834. 

Lloyd y Rev. H. — Report on the Progress 
and Present State of Physical Optics, in the 
Report of the Fourth Meeting of the British 
Association. 1835. Also, Lectures on the 
Wave Theory of Light. 1 841 . 

Powelly Rev. Professor. — Elementary Trea- 
tise on Experimental and Mathematical Optics. 
1833. Also, a General and Elementary View 
of the Undulatory Theory, as applied to the 
Dispersion of Light. 1841. Likewise, various 
papers in the Philosophical Magazine and 
Philosophical Transactions. 

RosBy Gustav. — Elemente der Krystallo- 
graphie. 2*^- Aufl. 1838. (A French trans- 
lation of the 1st edition of this work.) 

Dove. — On the Circular Polarization of 
Light : translated in Taylor's Scientific Me- 
moirs, vol. i. 

Soubeiran* — Journal de Pharmacie. 1842. 



X author's preface. 

Ventzke. — Annals of Chemistry* Decem- 
ber, 1842. 

The author takes this opportunity of offering 
his warmest thanks to his friend, Mr. Wood- 
ward, for his valuable assistance and advice on 
many occasions, in the performance of experi- 
ments on Polarized Light ; as well as for the 
loan of various pieces of apparatus, contrived 
and adapted by Mr. Woodward, for the public 
illustration of the phenomena of Polarized 
Light. 

To Mr. Darker, optician and manufacturer 
of polarizing apparatus, of Paradise Street, 
Lambeth, the thanks of the author are also 
justly due, for his disinterested zeal, skill, and 
attention in promoting the objects of the au- 
thor in the preparation of the present course of 
Lectures. 

J. P. 

47. FmsBUBT Square, 
September^ 1843. 
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In November, 1853, I received a communica- 
tion from the widow of the late Dr.PEREiRA, 
mentioning that a new edition of his Lectures on 
Polarized Light was called for, and requesting 
me to undertake the office of Editor, and at 
the same time informing me that the Author 
had left numerous notes and additions prepara- 
tory to a new edition of his work. 

The Publishers having concurred in this 
proposal, the materials were placed in my hands, 
with .ample discretion as to the use of them, 
and for making such other alterations or addi- 
tions as might appear to me calculated to fur- 
ther the proposed object of the work, viz. : to 
give not an abstruse and scientific discussion 
of the subject, but the most elementary, popu- 
lar, and explanatory view possible. 

In endeavouring to carry this design into 
effect, I have felt it proper to deviate as little 
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as possible from the existing form and charac- 
ter of the work. The style adopted by the 
author is that of familiar explanation adapted 
to a spoken Lecture rather than to a written 
work: but I have throughout retained it, as 
well suited to elementary illustration. In 
some few parts I have ventured to omit a sen- 
tence or paragraph, when it seemed to me of 
questionable utility; and have in a few places 
altered modes of expression which appeared 
likely to lead to ambiguity or error, or to in- 
volve conjectural speculations open to doubt. 
The additions contemplated by the author him- 
self are of considerable extent : they were 
mostly written in the form of detached frag- 
ments, which I have attempted uniformly to 
incorporate with the text ; and often in mere 
notes or memoranda, which I have moulded 
into sentences. 

As to the arrangement of the subjects, 
though in some respects not exactly what I 
should have chosen, yet presuming it to have 
been the best adapted for the particular objects 
the author had more immediately in view, I have 
retained it unchanged, except only in two in- 
stances: 1st, the restoration of the Section 
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on " Macled Crystals," to what seemed its 
more natural position after the general view 
of the different crystallographic systems ; and 
2ndly, the removal of the entire general dis- 
cussion of circularly and elliptically polarized 
light from the Lecture on " Rotatory Polariz- 
ation," to its proper place in immediate con- 
nection with the rest of the theory of polariza- 
tion on] the principle of undulations, — where 
in fact the author had commenced some exa- 
mination of it, hut had left it incomplete in 
that place, to go into its details in a subsequent 
Lecture in connection witj;i the rotatory pro- 
perties of quartz and other substances. This 
property indeed had been included under the 
conunon title of " Circular Polarization," by 
other writers, to the no small confusion of the 
subject, and probable perplexity of the stu- 
dent: I have, therefore, made this discussion 
of so remarkable an application of the theory of 
circular polarization to stand quite distinct 
from its principles under the far preferable 
title of '* Rotatory Polarization." 

By this change I must confess the due pro- 
portions of the several Lectures are somewhat 
impaired; but I conceive that, however im- 
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portant in the delivery of lectures^ in a work 
for reading this will be of little consequence, 
in comparison with the greater facilities thus 
afforded to the student in point of clearness of 
conception, and due arrangement of the de- 
ductions. 

In many instances I have annexed addi- 
tional remarks and illustrations of my own. 
These seemed to be in some instances called for 
when some point was left in obscurity, on 
which I conceived the student might find fur- 
ther information desirable, or where more 
recent discoveries had led to modifications of 
previous views. In these illustrations, I have 
studiously adhered to the rule of simplicity 
and brevity : I have, however, been careful to 
refer the reader to the sources of full informa- 
tion. Among such illustrations I have men- 
tioned one or two of an experimental kind, 
and of which I believe no account has hitherto 
been published. All such additions are dis- 
tinguished from those made by the author, by 
being enclosed in brackets []. On the whole, 
I trust it may be found that I have carefully 
adhered to the professed design of rendering 
the work more extensively useful for popular 
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reading, and elementary instruction, without 
extending it to too great a length or to topics 
of too abstruse a kind; and subject to the 
especial restriction that it was designed for 
readers not versed in mathematics. 

It may be right to add that the Lecture on 
the Microscope, appended to this volume, was 
left by the author in an obviously imfinished 
state ; yet I did not feel at liberty to omit it, 
though certainly some explanation is due to 
the reader for its apparent imperfections, — as 
well as to the more scientific, for its extremely 
elementary character. This, however, will 
probably form no ground of complaint to the 
many : and the author no doubt judged 
soundly in affording even such rudimentary 
instruction to great numbers who are inter- » 
ested in the use of the Microscope and the 
contemplation of the wonders which it brings 
to light. 
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It is not here intended, and indeed would be alto- 
gether out of place, to offer any detailed memoir 
of the Author of the following work: but his 
readers may be interested in possessing some slight 
record of his labours ; especially with reference to 
the circumstances under which these Lectures were 
delivered. In drawing up this very slight sketch, 
the Editor has availed himself of several memoirs 
in different journals : and for information on several 
points, begs to acknowledge his obligations to Dr, 
^ Sharpey, Sec. R,S., Prof. Redwood, Jacob Bell, 
Esq., and E. W. Bkatley, Esq. 

Jonathan Pereira (descended from a Portuguese 
family, his father having settled in London for 
commercial business) was born May 22. 1804. 
Receiving only an ordinary school education, he 
was apprenticed at fifteen (1819) to a medical prac- 
titioner, but quitted the situation in three years, 
owing to his principal becoming insane. During thig 

period of leisure, as indeed all along, he diligently 

a 
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seized all opportunities of improvement ; and now 
attended lectures at the Aldersgate Street Dispen- 
sary and St. Bartholomew's Hospital. In 1823, he 
was appointed Apothecary to the former institution 
and in 1825 Lecturer on Chemistry there. In this 
situation he published several elementary works for 
the assistance of students. In the same year he 
obtained his diploma from the College of Surgeons, 
and in 1828 was elected Fellow of the LinnsBan 
Society. 

His Chemical Lectures were of a more scientific 
kind than those usually given in the Dispensary ; 
the indefatigable industry and zeal with which he 
followed up every research connected with the sub- 
ject of his Lectures, was more strikingly evinced by 
his simultaneously taking lessons in the French and 
German languages, to enable him the better to avail 
himself of the labours of the continental chemists. 

In 1832 he resigned the office of Apothecary to 
the Dispensary, and received from the Governors 
a handsome testimonial to his valued services. In 
the same year he commenced general practice, took 
a house in Aldersgate Street, and married. 

In the winter of 1832-3, he succeeded Dr. Gordon, 
as Lecturer on Chemistry at the London Hospital, 
and at the same time joined the new Medical School 
in Aldersgate Street, as Professor of Materia Medica. 
Here so great was the influx of pupils, as at length 
to render it necessary to build a new theatre for 
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their reception — an undertaking which he spiritedly 
carried through at his own expense. These Lec^ 
tures, conducted on a scientific and extended plan, 
may be considered as having laid the basis of his 
reputation. They attracted the attention not only 
of students, but of practitioners ; and at the request 
of the editor of the London Medical Gazette^ the 
substance of them was in the first instance pub- 
lished in successive numbers of that journal in 
1835-7, but subsequently he recomposed them with 
greater care, and in 1839 published the first volume 
of his great work, " The Elements of Materia Medica 
and Therapeutics ;" a portion of the second volume 
appeared in 1840. And by the general testimony of 
the profession it has been recognised as a standard 
book. There was a speedy call for a second edition, 
and the work was also translated into German and 
other languages. 

Some time after he was asked to accept the chair 
of Chemistry and Materia Medica at St. Bartholo- 
mew's Hospital, but as some deviation from strict 
rule would have been involved, to which his scru- 
pulously honourable feelings could not consent, he 
at length declined the situation. 

Notwithstanding his success in the Aldersgate 
Street School, he was, however, soon led to resign 
its duties, and in 1840 had determined on quitting 
London for two years, with the intention of gra- 
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duating in one of the Scottish Universities. This 
intention, however, was superseded on a vacancy 
occurring in the office of Assistant-Physician to the 
London Hospital, for which he was induced to be- 
come a candidate. But for this purpose it was 
necessary to obtain the licence of the College of 
Physicians ; — and this too with hardly any time to 
prepare for the requisite examination. Here, how- 
ever, the extraordinary vigour of Mr. Pereira's 
mind triumphed over every obstacle ; and with his 
already high attainments and unremitting labour, 
in the space of little more than a week, he so amply 
qualified himself as to pass with the highest credit. 
He soon after received the diploma of M. D. from 
the University of Erlangen : — and in March, 1841, 
obtained the appointment at the London Hospital 
without any contest. 

In 1839, he had been elected a Fellow of the 
Royal Society, and in the same year, on the incor- 
poration of the London University, his recognised 
merits secured him the appointment of Examiner in 
Materia Medica and Pharmacy; and his practice 
having largely increased, he removed to a house 
in Finsbury Square. His increasing avocations 
at length induced him to resign a portion of the 
labours of his chemical lectures at the Hospital, and 
eventually the whole of them, in 1846. 

Having joined the Pharmaceutical Society, he 
lectured to that body on articles of food ; and 
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in 1843 published the substance of these Lec- 
tures in a separate work on "food and diet," which 
has been characterised, bj competent medical 
authority, as one of the most able and philoso- 
phical treatises on the subject : and about this time, 
besides large contributions to the Pharmaceutical 
Journal and other professional periodicals, he was 
much and actively engaged in the promotion of 
various institutions for the diffusion of knowledge, 
especially the City of London Literary and Scien- 
tific Institution. 

In the same year he became Professor of Materia 
Medica to the Pharmaceutical Society, and was in- 
defatigable in researches into the nature, history, 
origin, and chemical composition of the various 
substances employed as drugs, contributing many 
papers on these subjects to various journals. 

Dr. Pereira was of an eminently inquiring and 
comprehensive turn of mind, and with persevering 
industry followed up whatever subject he under- 
took. Devoted in the main to objects strictly pro- 
fessional, he yet occasionally diverged into collateral 
topics, though chiefly only where they had some 
bearing on the more pressing requirements of pi*o- 
fessional study. It was in this point of view that 
he appears to have taken up the study of crystal- 
lography, and more especially that of Light. The 
former, in its close and natural connexion with 
ehemistry, would directly interest a mind engaged 
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in chemical researches, and might in consequence 
be regarded as having some direct bearing on 
medicine- The latter subject, indeed, might seem 
at first sight entirely remote from all such appli- 
cation ; yet there is one point in which it presents 
a singular and unexpected relation to medical 
science, viz., in the peculiar modification impressed 
on polarized light by certain fluids, both chemical 
and organic, and especially under certain morbid 
conditions of the latter. And in general, the re- 
lations of polarized light to the molecular structure 
of bodies, especially of organic substances, present 
many topics of physiological interest. 

But independently of such applications, doubt- 
less to a man of Dr. Pereira's enlarged views, it 
must have appeared that there is no branch of 
liberal science really alien to the highest education 
even of a strictly professional kind ; and. it was no 
doubt under this impression that he introduced 
considerable notice of these subjects into his Lec- 
tures at the London Hospital, in connexion with 
chemistry. This applies to several years previous 
to 1843. Indeed, at an earlier period, Dr. Pereira 
had given much attention to the subject. 

In 1838, he was in correspondence with the 
writer of this notice, and, at a subsequent period, 
with several philosophers of high eminence, on the 
subject of Light; and in the spring of 1843, he 
delivered a course of Lectures on Polarized Light, 
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prefaced by'a short account of optics in general, 
and including a compendious view of crystallo- 
graphy, before the members of the Pharmaceutical 
Society. 

The substance of these Lectures was published in 
the Pharmaceutical Journal^ and reprinted thence 
in a separate volume in the same year, and the 
course was repeated in subsequent seasons. 

At the period of the author's death, a copy of 
this work was found interleaved with numerous 
MS. notes, additions, and iUutrations ; besides vari- 
ous memoranda, &c. On one of these occurs the 
date, October, 184:4, which it is probable, refers to 
an enlarged course delivered in the School of the 
London Hospital. 

Recognising the essential use of the microscope 
in medical researches, he gave, in 1850 or I80I, an 
elementary Lecture on the construction and use of 
that instrument to the Pharmaceutical Society : of 
this Lecture only some rough MS. notes have been 
preserved. They are appended to the present 
volume. 

He was elected Fellow of the College of Physi- 
cians in 1845, and soon after Curator of its Mu- 
seum ; and in 1849 commenced the third edition 
of his "Elements, &c.," in which year the first 
volume appeared, and the first part of the second 
in 1850. He was occupied in completing this 
great work up to the period of his death. 
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In 1851, becoming full Physician to the London 
Hospital, he resigned the chair of Materia Medica, 
but gave a few clinical Lectures in that institution. 
In December, 1852, while examining some prepara- 
tions in the Museum of the College of Surgeons, he 
fell on a stone staircase, and injured a muscle of both 
thighs, so as to render him incapable of moving with- 
out assistance; and though confined to his room, it has 
been a point of much doubt, whether it was in any 
way connected with this accident, that on January 
20, 1853, suddenly feeling pain, he exclaimed, " I 
have ruptured a vessel of the heart," and within 
half an hour expired, in the forty-ninth year of 
his age. His remains were interred in the cemetery 
at Kensall Green^ amid a concourse of friends and 
pupils. 

Of Dr. Pereira*s high professional merits and 
personal character, it would be out of place here 
to speak. They have been amply recognised in the 
various journals dedicated to that profession of 
which he was so great an ornament. But it is in a 
subject like that of the following work, lying out of 
the direct line of his profession, and in the zeal and 
ability with which he mastered its details, so as to 
enable himself to become a most efficient and po- 
pular instructor of others, that we more signally 
recognise the activity and power of mind which 
was so conspicuous a characteristic of his intellec- 
tual constitution. 
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LECTURE L 

I HAVE been led to undertake the delivery of the 
following lectures on the Phenomena of Pola- 
rized Light, in the belief that their singularity, 
variety, splendour, and useful applicability will 
create great and universal interest in the minds 
of my auditors, whatever be their pursuits, oc- 
cupations, or acquirements. 

I am acquainted with no branch of experi- 
mental philosophy capable of presenting such 
brilliant and gorgeous phenomena, and which 
are so well adapted for illustration in the 
lecture-room, as polarized light. In its power 
of unfolding to our view the intimate structure 
and constitution of natural bodies, it certainly 
has no superior, if indeed it have any equal. 
It furnishes us vnth characters for recognising 
and distinguishing many bodies ; and it gives 

B 



2 POLARIZATION OF LIGHT. 

US the means of determining the nature of the 
changes going on in some of the recondite 
operations of nature. It is a subject whose 
phenomena are so complicated and intricate, 
that it not only admits of, but actually re- 
quires the highest departments of mathematics 
to elucidate them ; and it is therefore very 
properly placed in the very first rank of the 
physico-mathematical sciences. 

But in all societies and associations, the 
lovers of knowledge are of two kinds, philo- 
sophers and utilitarians. The first pursue 
science for its own sake ; the second, for its 
usefulness. With the latter, every step they 
take in the acquirement of knowledge is accom- 
panied with the question " cwi bono 9^^ With 
such, all scientific researches which have no 
immediately practical bearing, which, accord- 
ing to their narrow views, cannot be at once 
shown to be useful y are neglected, perhaps even 
sneered at. Though with such I profess to 
hold no community of feeling, yet, as I am 
desirous of combining in these lectures the 
utile with the dulce, I think I can venture to 
hold out to them ample remuneration for the 
time they may devote to the study of polarized 
light by attending these lectures, i 

If I can show them that this agent furnishes 
us with a more intimate knowledge of the 
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nature and properties of many substances ; if 
I can demonstrate its applicability to the de- 
tection of adulteration of foods, drugs, and 
chemicals; if I can point out its application 
to the determination of the commercial value 
of saccharine juices; if I show how it has 
been applied to determine the nature of the 
changes which occur in certain chemical and 
vital processes, in which ordinary chemical ana- 
lysis completely fails us; if I prove that it may 
aid members of my own profession in detecting 
the existence of certain diseases ; and, lastly, if 
we show the possibility of its use to the mariner, 
in aiding him, under certain circumstances, to 
avoid shoals and rocks — I trust even the utilita- 
rians will admit that the study of polarized light 
is both advantageous and profitable, and that 
our time has not been unprofitably occupied 
by these lectures. 

These are only a portion of the valuable and 
practical uses of which polarized light is sus- 
ceptible. Its phenomena are so intricate, and 
at present so little understood by the public, 
that a very large number of persons who might 
otherwise, perhaps, beneficially avail themselves 
of its services, are ignorant alike of its powers 
and of its u«es. We may therefore hope that, 
when it becomes better known, it will be found 

more extensively useful. 

b2 
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Common and polarized light ^gree in several 
of their leading properties ; and though these 
lectures are intended to illustrate the pecu- 
liarities of polarized light, yet, before we can 
prove what is peculiar to the one, we must be 
acquainted with the general properties of the 
other ; and thus, I conceive, I must introduce 
polarized light to your notice by a preliminary 
general view of the physical properties of light. 

Moreover, the phenomena of polarized light 
are so numerous, various, and intricate, that 
the student is very apt to become bewildered 
with an immense multitude of facts, and to 
forget, if indeed he ever knew, the conditions 
which are requisite for the production of each 
phenomenon. Hence, then, it becomes de- 
sirable that we should give him some artificial 
aid to assist in the conception of facts and the 
modes of observing them, as well as to show 
him how these manifold phenomena are mu- 
tually connected and dependent. We require, 
in fact, some means of generalisation. . Such 
will be found, I think, in the undulatory hypo- 
thesis of light. 

With regard to the former of these ob- 
jects, we will first observe that, by the 
term " light '* we understand the cause of 
vision, or that which enables bodies to ma- 
nifest themselves to us through the eye. 
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This implies some agent or influence ema- 
nating from those bodies which are self- 
luminous, and by means of which other bodies 
not luminous are rendered visible. Etymo- 
logically from (pcog, light, referring more ob- 
jectively to the cause of vision, we derive the 
terms Photometry, Photology, Photography; 
speaking more subjectively, we have Optics, 
from ovTooy I see. To this wonderful agent, 
combined with the beautiful adaptation of our 
organs to it, we owe the enjoyment of that 
most useful and important function of our daily 
existence by which we become acquainted with 
the formSy colours^ positions, and motiom of 
bodies, so essential to all our active employ- 
ments. It improves and facilitates our inter- 
course with our fellow-creatures, and is a 
powerful auxiliary to the proper performance 
of the other senses. When we aid this sense 
by the instruments with which science has fur- 
nished us, it leads us to the contemplation of 
two kinds of infinity which would otherwise 
have remained unknown, — infinite minuteness 
in animalculaD and innumerable other objects 
imperceptible on account of that minuteness; 
and infinite magnitude evinced in the celestial 
bodies, invisible by reason of their remoteness : 
thus opening to natural history a new field, 

to astronomy a new heaven, and inviting and 
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enabling us successfully to contemplate the 
universe of the poet, 

" Without bound, 
Without dimensions, where length, breadth, and heigh t. 
And time and place, are lost." 

And, by way of a more precise illustration of 
these remarks, we may notice that we are 
enabled, on the one hand, to measure spaces 

less than ^jxj.o^u.ttttu^^ ^^ ^^ inch; and, on 
the other, to penetrate distances extending to 
millions of miles, such as those of the planets 
and some fixed stars which are susceptible of 
exact determination ; and to yet more incon- 
ceivably immense depths of space in those 
remoter stars and nebulous worlds beyond all 
reach of measurement. 

With regard to the second point referred to, 
before I proceed to state the properties of light, 
I think it right to allude, in general terms, to 
the= chief hypotheses or theories which have 
been proposed to explain its phenomena. 

1. The Newtonian hypothesis, or the joro- 
jectile or emission theory, was started when our 
knowledge of the facts was but in its infancy, 
and has but a very limited application to them. 
It supposes light to consist of small particles 
which are constantly emitted from luminous 
bodies, and which move in straight lines. These 
particles enter the eye and impinge on the 
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retina. By this means some peculiar effect is 
produced, which being transmitted along the 
optic nerve to the brain, gives us the sensation 
of light. The particles vaty in size, those 
producing red being the largest, while violet is 
produced by the smallest. 

2. The wave or undulatory hypothesis, origi- 
nally adopted in a very crude form by Huygens, 
Descartes, and Hooke, was in later times re- 
duced to more accurate principles by Young, 
and more fully developed by Fresnel and his 
successors. In this country, Herschel, Airy, 
Lloyd, Powell, and M'CuUagh have greatly 
contributed to its advancement and adoption. 

It accounts for the phenomena of light by 
referring them to waves of an imaginary fluid 
called ethevy as sound is referable to waves of 
ponderable matter, and especially of the air. 
The difference of colour depends on differences 
in the length of the waves : red is produced by 
the longest, violet by the shortest. 

The vibrations of this ether being commu- 
nicated to the retina, excite an effect which is 
propagated along the optic nerve to the brain. 
On this theory, then, nothing enters the eye. 
But the motion of the ether without the eye 
is propagated to the ether within the eye : the 
latter affects the retina. On the projectile 
theory, something is assumed to leave the 

B4 
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luminous body, to travel with almost incal- 
culable velocity, and to enter the eye like a 
shot from a musket or cannon. 

These general observations on the two most 
celebrated theories or hypotheses are all that 
at present it will be necessary to bring before 
you. Hereafter we shall enter more fully into 
the subject. 

Whichever theory we adopt, we must as- 
sume in all our reasonings that light consists 
of separable and independent parts. This pro- 
perty of light is readily established by familiar 
experience. Any portion of light may be in- 
tercepted by an opaque obstacle, and the rest 
allowed to pass ; and this latter part is never 
found to be affected in any way by its separa- 
tion from that which is intercepted. The 
smallest portion of light which we can thus 
intercept or allow to pass, is called a ray. 
(Lloyd, On Light and Vision^ 1. and 2.) 

I will now proceed to enumerate the chief 
particulars which constitute the peculiar cha- 
racteristics of light. 

I. The Propagation of Light. — Light emanates, 

radiates, or is propagated in straight lines. 

Fig, 1. as is familiarly 

proved by mak- 

ing holes in 

three disks^ 
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which must lie in one straight line for light to 
pass through them. 

The straight lines, or the directions in which 
light is propagated, are called the rays of 
light : any sensible portion of light must con- 
tain an infinity of rays, which when parallel 
are often called a beam of light. So a bundle 
of converging or diverging rays is called a 
pencil: but this last term is also frequently 
applied as well to parallel rays. 

The propagation of light takes place with 

inconceivable rapidity : 

At the 1 per sec. per min. per hour, 

rate of/^^^® 192,500 x 60=11,550,000 x 60 = 693,000,000. 

This has been ascertained in two ways : — 
1st. By Eclipses of Jupiter* s Satellites. In 
16/6 Roemer, a Danish astronomer, observed, 
that the eclipses took place too soon at one 
season when Jupiter was nearest to the earth, 
and too late at another season when he was 
farthest off. The difference of time was 16^ 
gg// g///^ rpj^-g ijg inferred was the time light 

took to travel across the earth's orbit, a dis- 
tance of 190,000,000 miles. 

According to Struve, the velocity of light is 
191,077 miles [166,072 geographical miles] per 
second. {Humboldt,) 

2dly. From the Aberration of Light. This 
is a small apparent deviation of the fixed stars. 
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by which they sometimes appear 20" distant 
from their true situation. The cause of it was 
first explained by Dr. Bradley in 1747, though 
he discovered the fact in 1727. It depends on 
the combined progressive motion of light and 
the earth's annual motion in its orbit. 

The nature of this effect may be illustrated 
by the instance of a shower of rain falling per- 
pendicularly on a man standing still, and on 
another running forward ; the latter of whom 
receives the drops striking against his face, 
thougli they actually fall truly perpendicularly. 
And the cause of this will be explmned if we 
consider the case of a bail falling on the open 
mouth of an inclined tube at rest, when it 
would simply strike against the lower inner 
surface : and then suppose the 
tube at the same inclination 
carried forward at a proper 
rate, when the ball will de- 
scend to the bottom of it ; 
the telescope and the eye be- 
ing represented by this tube, 
moving forward along with 
the earth. 

This method gives 191,515 
— — « miles per second as the ve- 

locity of light, and is preferred by the best ' 
astronomers, as more accurate than the former. 
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By way of illustrations of the velocity of light 
compared to the velocity of other bodies, we may 
take the following instances : — 

1. Railway carriages. These travel at from 
30 to 40, or even at 60 miles the hour. Take 
the latter, the maximum speed. At 60 miles 
an hour, a railway carriage would require 
above 180 years to reach the sun; light accom- 
plishes the distance in 8 minutes and 13 seconds. 

2. Cannon balls. A cannon ball would re- 
quire 17 years at least, to reach the sun, 
supposing its velocity to continue uniform from 
the moment of its discharge, (HerscheL) 

3. The pendulum. Light would travel eight 
times round the earth during a single beat of a 
common pendulum. 

4. The planet Mercury moves in its orbit 
with a velocity of 30 miles per second ; light tra- 
vels with more than 6000 times that velocity. 

TIME OCCUPIED BY LIGHT IN TRAVERSING THE HEAVENS 
AND TRAVELLING FROM THE HEAVENLY BODIES TO US. 

Time required for Light to travel to us from the — 
Moon - - - - about 1^ second. 

Sun - - - - 8 minutes, 13 sec. 

Georgium Sidus ' \ ' about 2J hours. 

Fixed stars of ascer- 
tained distances - 

Sir W. HerscheFs remotest nebulae 2,000,000 yrs. (W. 

Herschel.) 
Until very recently, the distances of the fixed stars 
were entirely unknown to us ; at present, those only 
of a few of the nearest have been measured. 
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The calculations of the probable times re- 
quired for light to travel from these bodies to 
us, are almost overwhelming in their results. 
Consider for a few moments some of the con- 
sequences of the facts we thus ascertain : — 

1st When we contemplate, on a clear night, 
the heavenly vault, the phenomena which pre- 
sent themselves to our notice belong to past 
times of most unequal distance from us ; from 
li second (that of the moon) to 2,000,000 
of years (that of the remotest nebute visible 
by the aid of a telescope). We contemplate 
as it were an historical chart, in which events 
the most distant in point of time are grouped 
side by side, and presented to our notice at 
the same instant. The lights issuing from the 
heavenly bodies, and traversing cosmical space, 
** reach us as voices of the past." 

2ndly. Many of the celestial bodies which 
the astronomer is now calmly contemplating, 
may have ceased to exist ages ago ; in fact, 
long before they became visible to our eyes. 
The Georgium Sidus would be visible to us 
for more than two hours after its existence 
had ceased, while Herschel's nebulae would be 
perceptible for two millions of years after their 
destruction ! 

Srdly. The heavenly bodies which become 
successively known to the astronomer as fresh 
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discoveries, may have had a successive origin 
in the heavens thousands of years ago, but 
only now have become visible to us by the 
arrival of light after its prolonged journey from 
the newly formed cosmical body to us. 

4thly. Light, probably, furnishes us with the 
best evidence we can obtain of the great age of 
matter. Human historical records of our earth 
do not extend further back than 5000 or 6000 
years. The geologist gives us proof that the 
age of the earth is, in fact, much beyond this, 
but does not furnish us with facts on which we 
can venture to guess even at the distance of 
time which has intervened between different 
geological epochs. But when we survey the 
starry heavens, our telescopes penetrate not 
merely space, but time. They reveal to us- 
ancient bodies and phenomena, whose age they 
enable us also to estimate ; and thus we arrive 
at the conclusion that " the light of the most 
distant cosmical bodies offers us the oldest 
sensible evidence of the existence of matter.*' 

II. Variation of Intensity. — The intensity of 
light decreases as the square of the distance 
increases : at twice the distance, it has only ^ 
of the intensity, at thrice the distance J the in- 
tensity, at four times the distance j'^ of the 
intensity, and so on. 

The reason of this is, that emanating equally 
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in all directions from any point, it illuminates 
four times the space at twice the distance, nine 
times at thrice, and sixteen times at four times 
the distance ; hence, its intensity must be in- 
versely as the square of the distance. 

The law is aptly illustrated by a quadrangular 
pyramid supposed to be divided horizontally, 

at equal distances, 
into four parts or 
segments of equal 
height. The upper 
segment has a square 
base, whose area we 
shall call 1 ; the 
second segment has 
also a square base, 
but its area is 4; 
the area of the 
square base of the 
third segment is 9 ; 
and that of the 
lowest or fourth seg- 
ment, 16. Here 
the distances of the bases of the segments from 
the apex of the pyramid are as 1,2, 3, 4, while 
the areas of these bases are as 1,4, 9, 16. 

The readiest demonstration of the law for the 
lecture-room is the following : — ^Let the light 
from a lantern pass out through a square aper- 
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ture, and be received on a semi-transparent 
screen divided into square spaces. Notice at 
vi^hat distance the beam of light illuminates one 
of these squares ; at double the distance it 
will illuminate 4, at triple 9, at quadruple 16 
squares. 

In Photometry, we avail ourselves of this law. 
If two luminous bodies, at unequal distances, 
produce the same amount of illumination, the 
relative quantities of light evolved by these 
bodies are as the squares of the distances. 
Thus, if a lamp, at four feet distance, give as 
much light as a candle at one foot, the lamp 
actually evolves 16 times as much light as the 
candle. Count Rumford's photometrical pro- 
cess of observing at what distances two lights 
gave two shadows of equal intensities, as well 
as the photometers of the late Mr. Ritchie and 
of Professor Wheatstone, are on this principle. 
But all these modes of measuring light are ob- 
jectionable, since they are based on the imper- 
fect and varying judgment of the eye. 

Professor Wheatstone's photometer is a very 
ingenious contrivance. It is a cylindrical box, 
of about two inches diameter, and one inch in 
depth, and which contains a system of two 
wheels and pinions. On the face of the box, 
and near to its external border, is a circle of 
cogs. In the centre of the face is an axis, to 
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which is attached an horizontal arm, carrying 
a toothed wheel or 
^- *• disk, the teeth of 

which fit into the 
coga of the outer 
\ circle. This wheel 
1 double mo- 
I tion — it rotates on 
fits own axis, and 
' also revolves with- 
in the cogged cir- 
cle. To this disk 
is attached a small, 
hollow, glass bead, 
silvered internally, and which moves with great 
rapidity backwards and forwards across the face 
of the cylinder. The motion is communicated 
by turning the handle on the opposite face of 
the box. If this photometer be placed between 
two lights, and the bead put in rapid motion, 
we observe two parallel luminous lines, about 
the y^ of an inch apart. By adjusting the re- 
lative distances of the two lights from the pho- 
tometer, so that the brightness of the luminous 
lines may be equalized as determined by the 
eye, and then squaring the distances, their com- 
parative intensity may be ascertained.* 

• Tliis instrument Is made by Messrs. Watkina and 
Hill, of Cbaring Cross. 
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III. Transparency andOpacity. — Somebodies 
allow light to penetrate them, as air, water, 
glass, crystal, &c. These are called trans-' 
parent bodies. Others, refuse to give pas- 
sage to light, as the metals. The latter are 
termed opahe bodies. But some substances, 
which in the mass are opake, become trans- 
parent when reduced to thin films. Gold is an 
instance of this : in the lump it is opake, but 
as gold leaf it allows light to traverse it. 

IV. Reflection, — When a beam of light falls 
on a smooth-polished surface, a portion of it is 
reflected. The incident and the reflected ray 
make each the same angle with the reflecting 
surface, hence the law of reflection is, that the 
angles of incidence and reflection are equal. 
This law holds good under all circumstances, 
whether the reflector be plain or curve. The 
incident and reflected rays are also always in 
one and the same plane. 

Thus in {fig, 5.) drawing a perpendicular^ to 
the surface, i is the 
angle of incidence ; 
r is that of reflec- 
tion andizzr. 

A polished me^ 
tallic plate, as a 
speculum^ is a good 
reflector. Glass, 
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being transparent, reflectsboth from its anterior 
and posterior surface. Hence in some optical 
experiments, where it is desirable to avoid tbe 
confusion from a double reflection, the posterior 
surface of the glass is either ground, or black-' 
ened by means of soot, candle-smoke, or size 
and lamp-black. This proceeding is especially 
desirable in experiments on polarized light. 
Silvered glass, that is, glass covered on the 
posterior surface by an amalgam of tin, as the 
common looking-glass, is not adapted for accu- 
rate optical experiments, on account of the re- 
flection from the metal as well as from th6 
glass. 

V. Refraction. — When a ray of light passes 
obliquely out of one medium into another of a 
difierent kind, it changes its direction, or is 
bent out of its course ; in optical language, it 
is refracted. The difierent nature of bodies 
in this respect is usually characterised by 
density, but also by other conditions ; among 
which combustibility is one ; it was from the 
high refractive power of diamond that Newton 
boldly conjectured its inflammable nature. If 
the second medium be denser, or as it is termed 
of higher refractive power, than the first, the 
refraction is towards the perpendicular ; but if 
the density or refractive power of the second 
medium is less than that of the first, the re- 
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fraction is from the perpendicular: but always 
in the same plane. 

If the ray fall perpendicularly on the re- 
fracting surface, it suffers no change in its 
direction ; in other words, it undergoes no re- 
fraction. 

In most optical instruments in which re- 
fracting media are required, c/lass is employed, 
as in the camera obscura, astronomical and 
terrestrial telescopes, microscopes, magic lan- 
terns, common spectacles, eye-glasses, &c. The 
oxyhydrogen apparatus which I shall use in 
these lectures for illustrating the phenomena 
of polarized light, serves, when deprived of its 
polarizing part, for use as a microscope {oxyhy' 
drogen or gas microscope), the images of the 
objects being thrown on a screen. Used in 
this form, it is simply a refracting instrument. 
Its structure I shall hereafter explain. Quartz 
or rock crystal is used, under the name of 
Brazil pebble i as a refracting medium for spec- 
tacles, on account of its greater hardness, and 
its being less liable to scratch. The diamond 
and other precious gems have been occasionally 
used for microscopic lenses. Jewellers employ 
a gla>ss globe filled with water, to concentrate 
the rays from the lamp which they use to work 
by. The water is generally coloured pale blue, 

to counteract the reddish yellow tint of the 

c 2 
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artificial light. Ambery when cut and polished^ 
is sometimes used for spectacles. 

I have already stated, that the law of reflec- 
tion, as regards the direction of the reflected 
ray, is the same for all reflecting media. But 
the law of refraction is very different, each re- 
fracting medium having its own peculiar action 
on light. 

A variety of curious and well known pheno- 
mena result from the unequal refracting powers 
of different bodies, or of the same body in dif- 
ferent states of density. Thus the apparent 
crookedness of a stick placed obliquely in 
water; the difficulty of hitting a body, as a 
fish, in water, when we take an oblique aim ; 
the deception experienced in estimating the 
depth of water, except when viewed perpendi- 
cularly ; and the altered position of a body (as 
a piece of money) at the bottom of a basin, 
when viewed obliquely, first when the basin 
contains no water, and afterwards when water 
has been put in ; — these, and many other phe- 
nomena, result from the greater refractive 
power of water than of air, and the consequent 
change of direction which the luminous rays 
suffer when passing from one medium to the 
other. Again, the tremulous motions of bodies^ 
when viewed through an ascending current of 
heated air, and by which an excise-officer is 
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said to have, on one occasion, discovered a sub- 
terranean still in the Highlands of Scotland, 
result from the unequal refracting power of air 
in different states of density. 

[Light passes freely through air, which never- 
theless possesses an exceedingly small refractive 
power, sufficient however to be very sensible 
in altering the apparent places of the beavenly 
bodies when seen obliquely through the whole 
thickness of the atmosphere. 

The quantitative law of refraction is that, on 
passing out of a rarer into a denser or more 
refracting medium, " the sine of the angle of 
incidence is to that of refraction in an invari- 
able ratio for the same ray and the same 

medium;" this ratio is called the ** refrac- 
tive index" or ** refractive power" of that 
medium* Thus in 



the annexed dia- 
gram (y?^.6.), i is the 
angle of incidence, 
r that of refraction ; 
and imagining a cir- 
cle described about 
the point of inci- 
dence, ab is the sine 
of incidence, c d 
that of refraction. 
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For water, if cd= 1-000, 
then aft = 1-336; 
hence the index of infraction for water is 1*336, 
and the general formula is sin. i = m sin. r, m 
being the index of refraction. 

This great law, the foundation of all optics, 
was discovered by Snell, in 1619. 

The point where several rays cross after 
undergoing reflection or refraction, is termed a 
** focus.*' A lens is usually a piece of glass, con- 
tained by small portions of two spherical sur- 
faces, either convex or concave. 

If rays issue from one point, such as a small 
luminous object at a certain distance from a 
convex lens, they will, on being refracted 
through it, converge to another point on the 
other side of it, whose distance is determined 
by the distance of the first point, or origin, 
and the refractive power of the lens: two 
points so related are called " conjugate foci." 

If the rays come from a very distant object 
so that they are sensibly parallel, the focus to 
which they converge is called the principal 
focus. 

Generally, the focus wiU be nearer to the 
lens, or its focal distance shorter, as its sur- 
faces are more curved. But if we trace ac- 
curately the course of the rays, it is easily 
found that, though they converge very nearly to 
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one point, they cannot do so accurately, those 
which pass nearest the centre of the lens will 
converge further ofl^and those towards the edges 
nearer. This difference is called the spherical 
aberration. {See Jig. 7.) This defect may be 

rtg. 7. 




remedied by certain combinations of spherical 
surfaces of different radii. It is also ftiaterially 
diminished by limiting the area of the rays to 
the central portion by a " stop " or diaphragm, 
with sSi circular hole in the middle. In the 
eye the iris or pupil answers this purpose, 
also in the crystalline lens the aberration is 
counteracted by the remarkable provision that 
the central portion is more dense, and thus 
the different rays are more equally refracted.] 

VI. Dispersion. — If a ray of white light be 
made to traverse a refracting medium, or, in 
other words, to suffer refraction, it is found to 
have undergone a remarkable change — it is no 
longer perfectly white, but more or less co* 
loured. It is inferred, therefore, that white 

c 4 
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light is made up of coloured lights, and that 
these, being unequally refrangible, are sepa- 
rated, or, in optical language, are dispersed. 
In this way, a series of colours is obtained^ 
which have been commonly distinguished into 
seven principal tints, viz. violet^ indigo ^ blue, 
green, yellow, orange, and red. These are pro- 
cured by a triangular piece of glass, called a 
prism, in which the dispersion at the first sur- 
face is greatly increased on emergence at the 
second {see Jig. 8.) — the colours constituting the 

Fig. 8. 




prismatic or solar spectrum. These colours re- 
sult from the decomposition, the analysis, or 
the dispersion of the white light of the sun. If 
we allow the oxyhydrogen lime-light to pass out 
of the lantern through a slit, and receive it on 
a prism, a very similar spectrum is formed and 
may be thrown on the ceiling of the lecture- 
room, or on the screen before us. The light of 
a lamp or candle gives only a faint spectrum 
with a larger proportion of red. 
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To persons unacquainted with philosophical 
investigations, few facts seem more astonishing, 
and even improbable, than that of white light 
being compounded of differently coloured lights, 
I shall, therefore, dwell for a few minutes on 
this topic. 

Every one is familiar with the fact, that by 
mixture artificial colours are altered. Thus 
blue and yellow form green; red and yellow 
form orange; while blue, with different pro- 
portions of red, yields indigo or violet. 

It has hence been a speculation of some phi-* 
losophers that of the so-called seven prismatic 
colours into which the prism decomposes white 
light, three only may be primitive, and four 
compounded. 

PrimitiTef. Compounds. 

Red Orange 

Yellow Green 

Blue. Indigo 

Violet. 

[But this is at variance with the fact, that 
the more pure and the more perfectly dispersed 
the spectrum is, the more distinct are all the 
shades of colour, each of which must therefore 
be in itself a primitive tint, ''and not a com- 
pound of others. The fact is, the number of 
primary rays is not really seven, but infinite.] 

If the seven prismatic colours be painted on 
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a circular disk of card^ in their proper propor- 
tions, which is then made to rotate rapidly, the 
union of these colours on the retina gives us 
an impression of greyish-white. 

If we paint the three supposed primitive 
colours, viz., red, yellow, and blue, on a similar 
disk, and cause this to revolve, we also obtain 
an impression of greyish white. But these pig- 
ments are none of them pure prismatic tints. 

These experiments favour the notion, that 
the sensation of white light depends on the 
simultaneous impression of differently coloured 
lights on the retina. [The simplest and most 
direct proof consists in this : if we take two 
equal and similar prisms of the same kind of 
glass, the ray of light which passes through the 
first of them is decomposed into colours, and if 
these be now received on the 2nd prism placed 

Fig. 9, in an inverted 

position, they will 
in that prism re- 
trace their course 
and be united 
again, and emerge 
in a ray of white light ; or in one word, if we 
look through such a combination, we see objects 
uncoloured ; yet we know that they must have 
become coloured in their passage.] Hence, 
white light is compound or heterogeneous lighi^ 
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irhile the component prmnatic colours are 
timple or homogeneous lights. Each of these 
ma; be termed a monochromatic Ught. 

It follows from this view of the subject, that 
two mixed colours may, bj their union or mix- 
ture, produce white light. Colours or tints which 
do this, are called complementary. 



Brewster's table of Complementary Tints. 



Bed 


- Huish green 


Orange 


- Blue 


Yellow - 


- Indigo 


Green - 


- Violet reddish 


Blue 


- Orange red 


Indigo 


- Orange yellow 


Violet - 


- Yellow green 


Black 


- White 


White - 


- Black. 


A beautiful illustrafjon is aiforded, if i 


throw two beams 


Fig. 10. 


of coloured light. 


^^■^Pi^H 


one red, the other 


W ' m 


green, on a screen, 


W 1 


when we see two 


I ^.. .W,:. \.. .\ 


circular disks of 


m. ■ ' M 


coloured light, and 


^ ■„ M 


by making them 


■H^^^fl 


overlap, tliejf pro- 


Foramtiwi of ■VOute light. 
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duce white light A siimlar result (that is, the 
formation of white light) is also produced by 
the overlapping respectively of disks of indigo 
and yellow, and of blue and orange. These 
colours are not identical with the pure red and 
green of the solar spectrum, they are obtained 
by a complicated process, the nature of which 
will be fully explained hereafter. 

Professor Henslow has some very interesting 
remarks on the composition of colours, &c., in 
Botany, p. 195, et seq. 

Fig. 11. 




B. Blue 

2 B + R. Blueish purple or purplish blueu 
B + R. Purple. 

2 R+B. Reddish purple or purplish red. 

R. Red. 
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2 R + Y. Reddish orange or orange red. 

R + Y. Orange. 
2 Y-hR. Yellowish orange or orange yellow. 

Y. Yellow. 
2 Y+B. Greenish yellow or yellowish green. 

Y+B. Green. 
2 B + Y. Bluish green. 

B + R+Y= White light with the colours of 
the spectrum. 

B-hR+Y=N or neutral or grey tint when 
material colours are employed^ 

Hence, 
Green + Orange =N 4- Y. For(B + Y) + R+Y 

=Y+(B + R + Y)=N+Y. 
Orange + Purple=N + R. For (R + Y) 

4-(B + R)=(B + R+Y)-fR=N+R. 
Green + Purple = N + B. For ( B + Y) 

+ (B + R)=(BRY)+B=N=:B. 

Some philosophers have thought that the 
position of the orange or green lights in the 
spectrum favours the notion of their being 
mixed colours ; since the orange is placed be- 
tween the red and the yellow, and the green 
between the yellow and the blue. 

But the indigo and the violet, being placed 
the most remote from the red, appear to present 
an obstacle to this notion. Sir D.Brewster, who 
adopts the supposition of there being three pri- 
mitive colours, supposes that the solar spectrum 
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consists of three spectra of equal lengths, a red, 
a yellow^ and a blue one ; and that the position 
of the maximum intensities of these colours 
varies, while certain portions of each of the 
three colours form white light, by mixing with 
the other colours in the requisite proportions — 
the excess of colour giving the predominating 
tint to that part of the spectrum where it exists. 
Thus in the red part of the spectrum there is 
an excess of red rays, in the yellow part of 
yellow rays, in the blue part of blue rays, in the 
violet part of both blue and red rays. 

This view of the subject has never appeared 
to me satisfactory ; and accordingly another and 
a more probable one presenting itself, I am 
inclined to adopt it, more especially as it is sup- 
ported by some experiments recently made by 
Sir John Herschel.* Suppose a repetition of 
the primitive colours of the Newtonian spec- 
trum, the red of the second spectrum being 
partially superposed on the blue of the first 
spectrum. The extreme blue rays of the first 
spectrum being intermixed with the red rays of 
the second spectrum, will give the sensation of 
indigo and violet. But it may be asked, where 
are the other colours of the second spectrum ? 

* This notion was thrown out by Professor Grove, in 
his Lectures on Light, delivered at the London Institu- 
tion, in November, 1842. 
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The reply is, that they are not visible to the 
eye. What evidence, then, it will be said is 
there of the existence of invisible rays beyond 
the first or Newtonian spectrum? The evi- 
dence is two-fold : first, the well known che- 
mical efiects produced beyond the visible spec- 
trum; and, secondly. Sir John Herschel's 
experiments before referred to. In his first 
paper*, in which he announces the extension of 
the visible prismatic spectrum, and the existence 
of a new prismatic colour beyond the violet, 
he states, that this colour appeared to his eyes, 
as well as to those of a friend, to be lavender- 
grey. But in a more recent paperf , he appears 
to have satisfied himself that the colour is 
yellow. " And if such," he adds, " rather than 
lavender or dove colour, should be the true 
colorific character of these rays, we might 
almost be led to believe (from the evident re- 
appearance of redness mingled with blue in the 
violet rays) in a repetition of the primary tints 
in their order, beyond the Newtonian spectrum ; 
and that if, by any concentration, rays still far- 
ther advanced in the chemical spectrum could 
be made to afiect the eye with a sense of light 
and colour, that colour would be green, blue, 
&c., according to the augmented refrangibility." 

* Philosophical Transactions, for 1840, p. 19. 
t Hid. for 1842, pp. 195, 196. 
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The following diagram serves to illustrate 
this view : * — 

Primitive Colours. Mixed Colours. 
f T{.P.T» ^ 


Newtonian Spectrum.., 


•1 
••• 


Yellow •••< 
Blue > 

rRed ,-, 


- Obange. 

- Gbeen. 
Indigo. 
Violet. 


Hypothetical Spectrum 


••• , 


Yellow • 

Blue 


Orange. 
■ Green. 



There are many interesting topics connected 
with the spectrum, the details of which I feel 
precluded from entering into, inasmuch as these 
lectures are intended to illustrate the pheno- 
mena of polarized light. I must, therefore, 
content myself with briefly naming some of 
them. The first is the unequal refrangibility 
of the difierent-coloured rays ; the red being 
the least, the violet the most refrangible. It 
is in virtue of this property that lenses and 
prisms produce the phenomena of dispersion or 
chromatic aberration. Newton thought that 
the size of the spectrum, or the dispersive 

* [The student should carefully observe the purely 
conjectural natureof those highly interesting speculations. 
It may be also a question whether they may not be ma- 
terially affected by the recent discoveries of Professoi 
Stokes.] 
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power of the refractive medium^ was propor- 
tional to its refractive power ; and, therefore, 
that the refracting telescope could not he made 
achromatic. In this he was mistaken. Equal 
refractions do not produce equal dispersions. 
Two lenses made of different kinds of glass, as 
one of crown the other of flint glass, may he 
so ground that the dispersions shall neutralize 
each other, while their refractions, not being 
equal, cannot neutralize ; consequently, an 
excess of one remains. 

Chromatic Aberration. — Prisms, as we have 

seen, disperse as well 
as refract light. Now, 
lenses are comparable to 
prisms. A section of a 
convex or a concave lens 
resembles somewhat two 
prisms, in the one case 
set base to base, in the 
other edge to edge (see Jig. 12.). 



^%. 13. 



J%. 12. 
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It follows, therefore, that they must 
as well as refract. Hence they produce more 
or less colour. This is called chromatic aberra* 
tion. See Jig. 13. where the section of tlie rays 
tit n mis the circle of least aberraticm. 

This property was at one time thought to be 
fatal to the perfection of telescopes and micro* 
scopes ; as by Newton. 

Opticians obviate this defect by combining 
different media, such as different kinds of glass 
which have different dispersive as well as dif- 
ferent refractive powers, into compound lenses, 
which are hence called achromatic (see Jig. 14.). 

Fig. 14. 

CROWN GLASS 




FLINT GLASS 




Under ordinary conditions we can see bodies 
without this colouring, and therefore our eye is 
practically achromatic. [But the case, though 
in some respects similar to that of optical in*' 
struments, is not the same, and depends on 
a slightly different application of theory in 
the combination of the refractive media. It 
is also probable, that the degree of achro- 
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matism differs widely in different individual 
eyes.*] 

Not the least remarkable fact connected with 

the spectrum, is the existence of bands or fixed 
Unes in it. Though originally discovered by Dr. 
Wollaston, they are commonly called Fraun*" 
hofers lines of the spectrum. The best mode of 
seeing them is to examine the spectrum by a 
telescope. [The annexed figure {fig. 15.) may 
give a general idea of the appearance and posi- 
tion of a few of the most conspicuous lines as de- 
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Extreme 
Violet, not 
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visible. 

FuU Blue. 



I" 



Hiuiiiiiitniiioii 



r 



Bounda; 
Blue& 



signated by Fraunhofer 
by the letters a, b, &c. It 
may be desirable to many 
students to know that 
the general fact of the 
existence of such lines, 
may be rendered evident 
by much simpler means 
than those used by 
Fraunhofer. It depends, 
however, essentially on 
the goodness of the glass 
of the prism, and affords 
a test of it With most 
ordinary flint-glass prisms 
three or four at least, 
of the chief lines can 
♦ See Memoirs of the Oxford Ashmolean Society, 

vol. i. 1838. 
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be readily seen, if we merely hold the prism 
close to the eye, and view the image of a nar- 
row slit (5^^ inch wide) in a shutter or screen 
fixed in the upper part of a window through 
which the white light of the clouds passes. A 
very good plan is to make a tube three or four 
feet long covered at one end, with such a narrow 
slit in the cover, and having a short prism shut 

Fig. 16. 




into the other end (so as to exclude all ex- 
traneous light), adjustable about its axis by a 
projecting end outside, and furnished with a 
small aperture or tube for the eye. The slit 
must also be adjustable to exact parallelism 
with the axis of the prism. These lines belong 
exclusively to the solar light ; other kinds of 
light have lines peculiar to themselves.] Other 
systems of lines of a different kind are pro- 
duced when the light of a lamp, or that pro- 
duced by throwing the oxyhydrogen flame on 
lime, is passed through a bottle filled with 
nitrous acid vapour, before it falls on the prism. 
The illuminating y heating^ magnetic, and 
chemical powers of the spectrum — I must pass 
over without further notice, as they have no 
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direct connection with the immediate object 
of this course of lectures. I cannot resist, 
however, remarking that the existence of a 
calorific, magnetic, and chemical influence 
beyond the confines of the coloured spectrum, 
is a fact of considerable importance in any in- 
quiries which may be instituted into the nature 
of light. Moreover, the splendid and interest- 



Fig. 17. 
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iDg pictures called Daguerreotypei, Calotgpet,. 
ChrysotypM, and Ferrotypes, or Cyanotypet, pro- 
duced by the chemical influence of light on gross 
or ponderable matter, show the high importance 
of investigations respecting the chemical powers 
of the spectrum. The relative positions and 
maxima of these sets of rays are represented in 

fig. 17- 

VII. Diffraction. — When light passes near the 
Fig. 16. edges of bodies, it suffers cer- 
; tain modifications, included by 
opticians under the denomina- 
I tion of inflexion or diffraction* 
If an opaque body be placed 
I in a cone of light admitted into 
a dark chamber through a very 
small aperture, its shadow is 
larger than its geometric projec- 
tion. Moreover, its shadow is 
bordered with fringes, and other 
parallel stripes are observed 
within the diadows of narrow 
bodies. Fiff. 18. represents the 
appearance of the shadow of a 
wire under these circumstances ; 
the outside fringes are slightly 
coloured, the interior are dark and white only, 
the centre band is always white; the number of 
bands depends on the thickness and distance. 
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If the light be homogeneous or monochro- 
matic, the fringes consist of dark and light 
spaces of the same colour, and are of different 
breadths, red yielding the broadest, violet the 
narrowest fringes; in white light the fringes 
are consequently coloured with compound 
tints. 

Coloured fringes may be readily observed by 
looking through the slit between the almost 
closed fingers, at a candle, placed at a distance 
of several yards. It may be seen still better 
by looking at the same luminous body through 
a feather, or through a fine wire-gauze. 

When I tell you that the immortal Newton 
failed to perceive the internal fringes, and that 
he left the subject altogether in an imperfect, 
unsatisfactory, and unfinished state, I need 
scarcely add, that the phenomena are very com- 
plicated, and their study difficult. 

[The most perfect method of exhibiting dif- 
fraction is by means of the sun's light, thrown 
into a darkened room by a mirror outside, and 
brought to a point at the focus of a small lens 
of short focus, exactly as in a solar microscope. 
The image of the shadows of the wires, edges, 
apertures, gratings, &c., can then be seen with 
their various fringes, briUiantly depicted on a 
screen, or still better, viewed by an eye lens of 
short focus, the screen being altogether removed; 

p 4 
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this is by far the best method in all experi- 
ments of this kind* 

The Editor has also found, that by a modifi- 
cation of this method the phenomena of diffrac- 
tion may be seen by candle-light, on a minute 
scale, if we merely stretch a fine wire (about 
^ inch diameter) across the surface of the small 
eye lens or even near to it, but within the 
distance of its focus, and then look through the 
lens from the other side, at the flame of a candle 
at a distance of at least twelve feet, the wire 
being parallel to the length of the flame (or 
still better, a narrow slit in a screen), when the 
shadow of the wire is seen magnified, with the 
external fringes on each side and the internal 
stripes within, the centre being always bright. 

A tube with a narrow slit (about ^-^ inch or 
less wide) at each end, the slits being parallel, 
exhibits beautiful coloured fringes, when looked 
through at a candle, or even at the light of the 
clouds.] 

VIIL Colours of Thin Plates, afFilmSf and of 
Grooved Surfaces. — A variety of curious and 
brilliant optical phenomena were attributed by 
Newton to what he called Jits of transmission^ 
axid Jits of reflection ; but which Dr. Young and 
most subsequent writers ascribe to interference 
of light. I refer now to the phenomena of thin 
plates i of films i and of grooved surf aceSn 
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Excessively thin plates of air, liquids, or 
solids appear coloured when viewed hy reflected 
and transmitted light ; but the colour seen by 
reflection is complementary to that seen by 
transmission. 

If the plate be of uniform thickness, the 
colour is uniform ; but if the thickness varies, 
the colour also varies. 

These colours succeed in a certain order or 
series (called Newton's scale), in the order of 
the thicknesses commencing from the very least 
thickness at which the plate does not reflect 
light, and when viewed in this position, appears 
black ; but when viewed by transmitted light, 
appears white. 

[It may be desirable here to give a table 
of the order of these tints, commonly called 
Newton's scale, as it is afterwards referred to. 

Black 



1st Order 



m,* 



2nd Order 



-•< 



Blue 

White 

Yellow 

Orange 

Red. 

Indigo 

Blue 

Green 

Yellow 

Orange 

Red 

Scarlet. 
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3rd Order 



4th Order 



5th Order 



6th Order 



7th Order 



Purple 

Indigo 

Blue 

Green 

Yellow 

Red. 

Bluish Green 
Yellowish Green 
Red. 

Blue 
Red. 

Blue 
Red. 

Greenish Blue 
White. 

A plate having the form of a plano-concave 
lens, the thinnest part of the plate being in the 
centre, gives a series of concentric rings of 
brilliant colours. Those seen by reflected light 
have a black spot in the centre, while the trans- 
mitted rings have a white spot in the centre, 
and all the colours complementary. [Such a 
plate of air is produced by pressing a convex 
lens on a plane glass : also pieces of plane glass 
pressed together will give various irregular 
bands of the same colours, according to the 
direction of the pressure.] 

[Rings (though not exact in form) exhibit- 
ing these colours are easily formed, by pressing 
hard together at their centres two pieces of 
plate glassy at least six inches square.] 
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These different phenomena of thin plates are 
brilliantly illustrated in the lecture-room by the 
oxyhydrogen lime-light. 

The squares of the diameters of the reflected 
coloured rings are as the odd numbers, 1, 3, 5, 
7, 9, &c. ; while the squares of the diameters 
of the transmitted rings are as the even numbers 
0, 2, 4, 6, 8, 10, &c. Hence Newton calculated 
the thicknesses at which they are produced. 

The brilliant colours produced by thin plates 
of air between the laminae of mica, of selenite, 
and of Iceland spar, and between plates of glass, 
are familiar illustrations of the colours caused 
by thin plates of a gaseous substance. 

The colours caused by thin films of oil of 
turpentine or other essential oils, of alcohol or 
of water, and by soap-bubbles, are well known 
examples of the colours caused by thin plates 
of liquids. 

The iridescent hues produced on copper or 
steel by heat, and which depend on the forma-* 
tion of a thin film of metallic oxide, are good 
illustrations of the colours caused by thin plates 
of solids. But the most brilliant are those 
caused by thin films of peroxide of lead, formed 
upon polished steel plates, by the electrolytic 
decomposition of acetate of lead. These splendid 
tints were discovered by Nobili*, and are com* 

■ * See Taylor^s Scientific Memoirs, vol. i. part 1. 
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monly known as NohiUs colours or metallo-- 
chromes. The mode of producing them has been 
described by my friend Mr. Gassiot, in a paper 
read before the Royal Society.* If we place on 
the polished steel plate a card screen in which 
some device is cut out, very beautiful figures, 
having a splendid iridescent appearance, are 
produced. 

In all the cases hitherto alluded to, I have 
supposed white or compound light to be used ; 
and then the colours are called iridescent, but 
(as we have seen) not of the same kind nor in 
the same order as the prismatic. But if mono- 
chromatic or homogeneous light be employed, 
the rings are of a uniform tint or colour, and 
are separated by obscure bands or rings. Red 
light yields the broadest, violet light the nar- 
rowest rings. Hence in white light the super- 
position of these gives rise to the observed com- 
pound tints. 

Minute particles, fibres, and grooved surfiices 
also produce iridescent colours by white light. 
Thus, minute particles of condensed vapour, 
obtained by breathing on glass, give rise to this 
effect. A familiar illustration is to be found 
in the halos observed around the street-lamps, 
when viewed at night through a coach-window, 

♦ See the Proceedings of the Royal Society^ for March, 
1840 ; also Brande's Manual of Chemistry^ 5th edit p. 836. 
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on the glass of which vapour is deposited. In 
this case the colours are seen by transmission* 
Dr. Joseph Reade's beautiful instrument called 
the Iriscope, brilliantly displays the colours 
produced by reflection from a plate covered 
with condensed vapour. It consists of a plate 
of highly polished black glass, having its sur- 
face smeared with a solution of fine soap, and 
subsequently dried by rubbing it clean with a 
piece of chamois leather. If the surface thus 
prepared be breathed on through a glass tube, 
the vapour is deposited in brilliant coloured 
rings. But as in this mode of experimenting, 
the plate of vapour is thickest in the middle 
and thinnest in the circumference, the rings are 
in the reverse order to those of Newton, having 
a black circumference instead of a black centre. 

Minute fibres of silk, wool, and of the spider's 
web, also present in sunshine a most vivid iri- 
descence. 

A very minutely grooved surface also presents 

an iridescent appearance in white light. Of this 
mother-of-pearl is a familiar instance. Micro- 
meter scales frequently present the same ap- 
pearances ; and Barton's buttons and other iris 
ornaments owe their resplendence to numerous 
minute grooves cut in the surface of the metal. 
If a beam of light from the oxyhydrogen appa- 
ratus be received on one of Barton's buttons, 
an iridescent image may be thrown on a screen 
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several yards distant; thus furnishing a good 
lecture-room illustration of the colours of 
grooved surfaces, 

IX. Double Refraction. — When a pencil of 
light falls in certain directions on any crystals 
which do not belong to the cubical system, it is 
split or divided into two other pencils, which 
diverge and follow different paths ; and when 
their divergence is considerable, objects viewed 
through them appear doubled. The change 
thus effected on a ray of light is denominated 
double refraction. The substance which is com- 
monly used to produce this effect, is that variety 
of transparent crystallized carbonate of lime, 
called Iceland spar, or sometimes calcareous 
spar^ or, for brevity, c ale-spar. 

In every double refracting crystal there are, 
however, one or more directions in which 
double refraction does not take place. These 
are called axes of double refraction ; they might 
perhaps with more propriety be termed axes of 
NO double refraction. 

I now pass a beam of light (produced by 
throwing the oxyhydrogen flame on lime) 
through a rhombohedron of Iceland spar, and 
we obtain two images on the screen. By rotat- 
ing the crystal on its axis one of the images 
revolves around the other, but neither disap- 
pears during the revolution. We shall see the 
import of the fact in the sequel. 
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X. Polarization. — 'WJien submitted to cer- 
tain influences, the rays of common light acquire 
peculiar properties, designated by the term ^o- 
larization. These peculiarities are not distin- 
guishable by the unassisted eye. 

A very common question, put by persons who 
have not studied the subject, is, " What is 
polarized light f " and the philosopher feels very 
considerable difficulty in giving a concise and 
intelligible reply j so that the inquirer, perhaps 
after listening to a lengthened detail, frequently 
goes away, without obtaining, as he says, a 
direct and short answer to his question. 

There are two modes of reply : one is to de- 
scribe, independent of all hypotheses, the pro- 
perties by which polarized light is distinguished 
from common light ; the other is to adopt some 
hypothesis of the nature of light, and, therefore, 
to give an hypothetical explanation of the na- 
ture of polarized light. Whichever method 
we adopt — and I shall give both — lengthened 
details are necessary to enable the uninitiated to 
comprehend the subject. 

There are four methods of polarizing light, 
viz. : — 

a. Reflection. 

6. Simple refraction* 

c. Double refraction. 

d. Transmission through a plate of tourma- 
line. 
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In the following table I have contrasted 
some of the distinguishing characteristics of 
common and polarized light :^ 



A Ray of Polarized Lights 

1. Is capable of reflectiori^ 
at obhque angles of inci- 
dence, in certain position* 
only of the reflector. 

2. Penetrates a plate of 
tourmaline (cut parallel 
to the axis of the crys- 
tal) in certain positions 
of the plate, but m others 
is wholly intercepted. 

3. Penetrates a bundle of 
parallel glass plates^ in 
certain positions of the 
bundle, but not in others. 

4. Does not suffer double 
refraction by Iceland 
spar, in every direction, 
except, that of the axis of 
the crystal. In certain 
positions, it suffers single 
refraction only. 

Thus, then, one mode of replying to the be- 
fore-mentioned question would be, by recapitu- 
lating the facts stated in this second column. 
This reply would form what I may term a 
matter of fact answer, being independent of all 
hypothesis. 

The naked or unassisted eye cannot, then, dis- 
tinguish common from polarized light. Every 
person must have repeatedly seen polarized 
light; but not knowing how to recognize it, has 
ailed to distinguish it from common light. If 



A Ray of Common Lights 

1. Is capable of reflection, 
at obUq^ue angles of inci- 
dence, m every position 
of the reflector. 

2. Penetrates a plate of 
tourmaline (cut parallel 
to the axis of the crys- 
tal) in every position of 
the plate. 

3. Penetrates a bundle of 
parallel glass plates, in 
every position of the 
bundle. 

4. Suffers double refraction 
by Iceland spar, in every 
direction, except that of 
the axis of the crystal. 
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you look at a polished mahogany table, placed 
between you and the window, part of the light 
reflected from the table is polarized. "When 
you look obliquely at th6 goods in a linen- 
draper's shop, through the plate-glass window, 
part of the light by which you see the articles 
is polarized. When you see two images by a 
crystal of Iceland spar the transmitted light is 
wholly polarized. The atmospheric light is fre- 
quently polarized, especially in the earlier and 
later periods of the day when the solar rays fall 
very obliquely on the atmosphere. At the pre- 
sent season (the spring), the eSect may be per- 
ceived at eight or nine o'clock in the morning 
and five or six o'clock in the afternoon, the ob- 
server standing with his back to the sun, or with 
his face north or south. I have found that the 
effect is best perceived when the sun is shining, 
and the atmosphere more or less misty. 

It is obvious, therefore, that after we have 
polarized a ray of light, we must employ some 
agent to detect its peculiar properties. This 
agent is called the analyzer. It might also be 
termed the test. It may Ibe a reflecting plate ^ 
a plate of tourmaline^ a bundle of glass plates, a 
NichoFs prism, or a double refracting prism ; in 
fact, the analyzer or test must be a polarizer. 

Thus, then, a polariscope consists of two 
parts : one for polarizing, the other for ana- 

£ 
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lysing or testing the light. There is no essential 
difference between the two parts, except what 
convenience or economy may lead us to adopt ; 
and either part, therefore, may be used as polar- 
izer or analyzer ; but whichever we use as the 
polarizer, the other then becomes the analyser. 

a. Polarization by Reflection. — This method 
of polarizing light was discovered by Mai us, in 
1808. He was viewing, through a double re- 
fracting prism, the light of the setting sun 
reflected from the glass windows of the Luxem- 
bourg palace in Paris ; and, on turning round the 
prism, he was surprised to observe a remarkable 
difference in the intensity of the two images : 
the most refracted alternately surpassing and 
falling short of the least refracted in brightness. 

Polarizing reflectors are usually glass. This 



Fig, 19. 



should be either 
ground or black- 
ened at the back to 
prevent posterior 
reflection. Water 
is seldom made use 

Polarization by Reflection, ' , ^ . ^ . 

^ T««;^««* ^«« «^ «^ «« ^^ emplo^'ed instead 

a. Incident ray oi common or r j 

unpolarized light. of glass. A well-- 

h, Plate of glass {polarizing polished or var- 

c. Reflected ray of polarized; nished piece of wood 
%ht. ^as a table, top of a 
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pianoforte, or a counter) is very convenient 
Marble also answers tolerably well. The shining 
back of a booh is oftentimes serviceable. Me- 
tallic plates are objectionable ; since by reflec- 
tion from them, the light undergoes other modi- 
fications to be explained hereafter. 

The polarizing angle varies for different sub- 
stances, as the following table shows : 

Angles of Polarization by Reflection. 

Water . - - 

Glass- - - , - 

Sulphate of lime - 

Rock crystal 

Iceland spar 

Diamond - - - 
From a very extensive series of experi- 
ments, made to determine the maximum polar- 
izing angles of various bodies, Sir D. Brewster 



53° 


11' 


56° 


45' 


56° 


45' 


56° 


58' 


58° 


51' 


68° 


1' 



Fig. 20. 




arrived at the fol- 
lowing law : the in' 
dex of refraction is 
the tangent of the 
angle of polariza-^ 
tion. It follows* 
therefore,as ageome- 
trical consequence, 
that the reflected 
polarized ray forms 



a right angle with the refracted ray. 

£ 2 
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This may be illustrated as follows in (Jig, 20.) 

AB. (1*336) is the sine of the angle of incidence for 
water. 

CD. (1*000) IS the sine of the angle of refraction. 
C E^D. This angle is 36-49'. 

Hence 53*11' is the maximum polarizing angle for 
water. For this is the complement of the angle of re- 
fraction. 

53ir-|-36*49'=90**. 

Here, perhaps, is the most convenient place 
for referring to a suggested application of polar- 
ized light. I have stated that light is polarized 
by water, at an angle of 52° 45'. By the 
analyzer as a tourmaline, or Nichol's prism (or 
a bundle of glass plates), the whole of this re- 
flected polarized light may be intercepted with- 
out offering any impediment to the unpolarized 
but refracted light which has traversed the 
water ; so that objects may be more readily 
seen at the bottom of ponds, rivers, and the 
sea, by this expedient than otherwise, since the 
glare of the reflected light is prevented. Hence 
anglers, and tliose fond of fish-spearing, may 
employ this property of polarized light in the 
discovery of the objects of their sport; and 
commanders of vessels may avail themselves of 
it to detect rocks and shoals in the bottom of 
the ocean, which are not otherwise visible 
except by viewing them from the mast-head, by 
which the angle of reflection is diminished, and 
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consequently the quantity of light reflected is 
thereby lessened. 

I proceed now to demonstrate experimentally 
the polarization of light by reflection, and the 
essential properties of the polarized ray. This 
is best exhibited to a class by the following 
method : I obtain an intense light by throwing 
the flame of a jet of mixed oxygen and hydro- 
. gen gases on a cylinder of lime. This light 
which I shall, for brevity, call the lime-light, is 
condensed by two cross lenses (called conderi' 
9ers) and thrown on a plate of glass, blackened 
at the back, and placed at an angle of 56"^ 45'. 
The light is polarized by this plate, and being 
then refracted by two plano-convex glasses 
(termed the power), is afterwards received on a 
semi-transparent calico screen, strained on a 
wooden frame, and moistened with water. A 
bundle of glass plates is sometimes used as a 
reflecting polarizer: it has the advantage of 
reflecting more light, but a portion of it is 
unpolarized. 

The light thus polarized is not distinguish- 
able by the eye from common light, but to prove 
its nature, I proceed to test it. For this pur- 
pose, I place a plate of tourmaline on the front 
of the polarise ope, and on revolving it, you 
observe the light on the screen is alternately 
cut off and admitted. At 0** the tourmaline 

B 3 
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transmits the light, at 90** it absorbs it, at 180° it 
transmits it, at 270° it absorbs it. I remove the 
tourmaline, and substitute a bundle of glass 
plates, placed at an angle of 56° 45'. On revolving 
this, the light is observed to be alternately cut off 
and transmitted, as in the case of the tourmaline. 
I now substitute a double refracting prism for 
the bundle of glass, and on revolving this, it is 
seen that in two positions double refraction 
takes place, and two images are produced on 
the screen, while in two intermediate positions, 
one image is cut off. Thus, then, the light re- 
flected from the blackened glass plate of the 
polariscope, is polarized, since it possesses the 
characters assigned to this kind of light. 

6. Polarization 
by Single Refrac- 
tion. — If light be 
transmitted ob- 
liquely through 
a bundle of dia- 
phanous laminae, 

it suffers polari- 
Polarization hy Single Refraction, zation. The very 

lic^ht^^^ ^^^^°^°^^^ <^' unpolarized thin parallel glass 

°*. Bundle of glass plates. plates used for 

c. Reflected polarized ray. microscopes form 

d, Kefracted polarized ray. This v v + A' * 
ray is oppositely polarized to c. ^"® best medium. 

* Sold by Bromley and Drake, at 315. Oxford Street. 
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Sixteen or more of these are to be placed pa- 
rallel, and the bundle then placed at an angle of 
56^ 45' to the ray to be polarized. 

Common crown or window glass serves well 
enough for ordinary purposes. The flattest, 
thinnest, most colourless, and perfect pieces are 
to be selected. A very convenient mode of 
using them is the following : — Take two one 
ounce paper pill-boxes, remove the lids and the 
bottoms, and then paste together the two cylin- 
ders of the boxes, so as to form a tube. Into 
this place obliquely sixteen pieces of window 
glass. Having cut in each of the lids a circular 
hole, of about the size of a sixpence, place a 
lid at each end of the cylinder. The light by 
passing obliquely through the glass-plates in 
this cylinder becomes polarized. 

A bundle of mica plates may be used for 
polarizing, but it is inferior to the bundle of 
microscope glass above referred to. 

c. Polarization by Double Refraction. — I 
have already demonstrated the double refractive 
power of Iceland spar ; though I have not 
hitherto said anything of the nature of the light 
of which the two pencils are made up. 

I now proceed to demonstrate that the two 
pencils or rays produced by this process are po- 
larized ; but the polarized state of the one ray 
is of an opposite kind to that of the other ; so 

B 4 
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that the two rays are said to be oppositely polar" 
ized. That this is the case is proved by apply- 
ing our test to them. Thus if I apply a plate of 
tourmaline, you observe that, as this is rotated, 
one of the luminous rays is alternately cut off, 
which would not be the case were the rays com- 
posed of common light; while if both were 
similarly polarized, they would be simul- 
taneously and not alternately absorbed. If I 
substitute the bundle of glass plates for the 

Fig, 22. 




Double Refraction hy a Rhombohedron of Iceland Spar, 

a, b. The obtuse angles. A line drawn from a to b 
represents the axis of the crystal. 

c. Incident ray of unpolarized or common light. 

e, 0, Oppositely polarized transmitted rays; e is called 
the extraordinary, o the ordinary ray. 

fg. A line, which when viewed through the rhombo- 
hedron, appears doubled,^ and hi, 

tourmaline, one of the rays is reflected, and the 

other transmitted ; and by revolving the bundle 
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90**, the ray which was reflected is now trans- 
mitted, and that which was transmitted is now 
reflected. 

NichoTs prism, or NichoVs eye-piece*^ is a 
most valuable and convenient polarizer or ana- 
lyser. It consists essentially in a prism of calc 
spar so cut that a ray entering perpendicularly, 
or nearly so, to one face falls upon the oblique 
side at so small an angle that of the two rays 
into which it is divided, one is incident at such 
angle that it cannot be refracted out, but under- 
goes internal reflection, and is thus carried aside, 
while the other passes out by refraction (see 

%. 23.). 

Fig, 23. 




To the oblique surface is cemented on by 
Canada balsam the corresponding oblique side 
of a similar prism of calc spar, through which 
the transmitted ray passes out in a direction 
parallel to that of incidence, and having its pris- 
matic colour destroyed by the second prism. We 
thus obtain a ray wholly polarized in one plane. 
Over the tourmaline this prism has the advantage 
of being perfectly free from colour, but it has the 
objection of giving a very limited field of vision. 
* See JamesoTLS Journal, vols. 6, 16, and 27. 
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d. Polarization by the Tourmaline. — The last 
mode of polarizing light to which I shall have 
occasion to allude, is by transmission through 
a plate of tourmaline, cut parallel to the axis 
of the crystal. 

The substance called tourmaline, and to 
which I have already referred, is a precious 
stone, which is occasionally cut and polished, 
and worn as a jewel. There is good reason for 
supposing that it is the substance to which 
Theophrastus alludes under the name of lyncu- 



Fig. 24. 




a. Brazilian tourmaline. Bjcooling, theupper endbe* 
comes positively (+), the lower negatively ( — )electrical. 

b. Another tourmaline. 

c. Tourmaline elit, parallel to the axis, into four plates, 
irhicb, when ground and polislied, are used as ^ther 
polarizers or analyzers. 

d. Tourmaline cut at rigbt angles to its axis. The 
plates, tbus obtained, are ground and poiisbed, and tbea 
used in tbe polaiiscope for producing coloured rings. 
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rium (^vyHvpiov), It is found in various parts of 
Europe, Asia, Africa, and America. Much of 
that found in commerce comes from the Brazils. 
It occurs in thick and short, as well as in aci- 
cular prismatic crystals, belonging to the rhom- 
bohedric system, and which have three, six, or 
more sides and dissimilar summits. Thus in 
most tourmalines the extremities or summits 
of the crystal differ from each other in the 
number or situation of the planes ; and like 
other unsymmetrical crystals, the tourmaline 
becomes electrical while changing its tempera- 
ture, one extremity becoming positive, the 
other negative. 

The colour of the tourmaline is various, but 
green and brown are the prevailing tints. 
Curiously enough, there appears to be a re- 
markable connection between the colour and the 
other optical, as well as the electrical properties 
of the tourmaline. Green, blue, and yellow 
colours are, in general, imperfect polarizers. 
The brown and pinkish tints are the best. 
White colourless tourmalines do not polarize. 

The principal constituents of the tourmaline 
are silica and alumina. Boracic acid is always 
present, as also magnesia. Iron^ potash^ soda, 
^•c, are not constant ingredients. 

For optical purposes, the tourmaline is cut 
in two directions, viz. parallel, and likewise at 
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right angles to the crystallographical axis. 
Tourmaline plates for polarizing or analyzing^ 
are cut parallel to the axis about -^^ of an inch 
thick; but for depolarizing, a process to be 
hereafter explained, or showing coloured rings? 
at right angles to the axis. Considerable care and 
experience are required to prepare good plates.* 
If they be not cut perfectly parallel to the 
axis, their polarizing and analyzing powers are 
greatly impaired. In buying plates, avoid 
cracks, flaws, and deep colours, and select those 
which by experiment you find to be good po- 
larizers, for as the polarizing powers are very 
unequal in different crystals, nothing but a trial 
of each plate can determine its goodness. 

The light which is transmitted by a plate of 
tourmaline {a or a') (cut parallel to the axis), 
is plane-polarized. A second plate of tourma- 
line (6), if held in the same position, transmits 
the light polarized by the first plate ; but if the 
second plate (6') be turned round, so that its 
axis is at right angles with the axis of the first 
plate, no light is transmitted. 

The great objection to the tourmaline, as a 
polarizer, is, that the transmitted polarized 
beam is more or less coloured, and also that a 
large proportion of light is lost. If large, 

* Mr. Darker, of Paradise Street, Lambeth, prepares 
tourmaline plates for most of the opticians. 
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transparent, and colourless polarizing tourma- 
lines could be obtained, they would be invalu- 
able to the optician. 

That common light is polarized by transmis- 
sion through a plate of tourmaline, as above 
described, is proved thus : — A second tourma- 
line, placed with its axis at right angles to 

Fig, 25. 




Action of Tourmaline Plates on Light, 

a, h. Two plates of tourmaline (cut parallel to the axis 
of the crystal), with their axes coincident ; a, is called 
the polarizer, and i, the analyzer. 

c. Incident ray of unpolarized light. 

d. Transmitted ray of light polarized by a, 

e. Ray polarized by a, and transmitted by b, 

a\ h\ Two plates of tourmaline with their axes op- 
posed, so that the light, polarized by a', is intercepted 
by h\ 

the first, does not permit light to pass. But 
when the axes of the plates coincide, the light 
polarized by the first plate is transmitted by 
the second. Moreover, if the light transmitted 
through the first tourmaline be received at an 
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oblique angle on a plate of glass, blackened at 
the back, it is reflected only on two sides of 
the ray, and at an angle of 56° 45'. Lastly, if 
it be tested by a double refracting prism, it is 
found to produce double refractions in two 
positions only of the ray, for on rotating the 
double refracting prism on its axis, we find 
that one of the images is alternately cut off, 
and in intermediate positions, two faint images 
only are produced. 

XI. Wave Hypothesis of Light. — There are 
two hypotheses or theories which have been 
formed to account for the phenomena of light ; 
one of these is called the projectile theory ^ or 
the theory of emission ; — while the second is 
denominated the wave^ or undulatory theory of 
light. 

The first is sometimes called the material or 
Newtonian theory of light. But as on both 
hypotheses a fine subtile form of matter is re- 
quired to account for luminous phenomena, the 
one hypothesis equally deserves the name of 
material with the other. Moreover,' I can- 
not understand why the projectile theory is to 
be exclusively honoured with the name of the 
Newtonian; for though on some occasions 
Newton certainly adopts it, yet on others he 
appears to support the theory of waves. 

On the present occasion it is not my intention 
to enter into any details respecting the projec- 
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tile theory ; for however ably and plausibly it 
accounts for some optical phenomena, it is 
manifestly incompetent to explain those which 
it is the object of this course of lectures to 
describe. 

Lights a Property or Motion. — The wave 
theory supposes that light is a property — a 
motion — a vibration of something. But of 
what ? Euler imagined that the vibrating 
medium, in dense bodies, was the body itself; 
through the gross particles of which he sup- 
posed the light to be propagated in the same 
manner as sound. The hypothesis. Dr. Young * 
declares to be " liable to strong objections ; " 
and he adds, that, " on this supposition, the 
refraction of the rays of light, on entering the 
atmosphere from the pure ether which he de- 
scribes, ought to be a million times greater 
than it is." 

Ether. — To account for the phenomena of 
light, philosophers have assumed the existence 
of a vibrating medium, which has been called 
the ethereal medium, the luminiferous ether, or 
simply ether. It is supposed to be a rare, 
highly elastic^, subtile fluid, which occupies 

* A Course of Lectures on Natural Philosophy^ vol. ii., 
p. 542. Also Phil. Trans, for 1800. 

•|" Elasticity of the Ether.— ^^ In the interior of refract- 
ing media the ether exists in a state of less elasticity, 
compared with its density, than in vacuo ; and the more 
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all space and pervades all bodies. As the sensa- 
tion of light is supposed to be excited by the un- 
dulations of this medium, so, where light exists, 
there ether must be. Hence it fills all space. 
It is between the sun and the earth, the earth 
and the stars, and so on. If it did not exist in 
water, diamonds, glass, &c., these bodies would 
not be diaphanous. So that it must pervade 
all bodies. Even opaque substances must con- 
tain it, since, as in the case of gold, these 
become transparent when excessively thin.* 

Existence of an Ether. — We have no inde- 
pendent evidence to adduce of the existence of 
this medium. It is, therefore, an assumption ; 
but one which is sanctioned by the high authority 
of Descartes, Huyghens, Euler, Hooke, New- 
ton, Young, Fresnel, and some of the most dis- 
tinguished philosophers of the present day, 
among whom are Sir J. Herschel and Arago. 
These eminent men have seen in this assump- 
tion nothing inconsistent with their knowledge 

refractive the medium the less, relatively speaking, is the 
elasticity of the ether in its interior." {Herschel, 563.). 
* " In the explanation of the law of refraction, the 
undidatory hypothesis requires that the velocity of the 
light should be less in the denser medium than in the 
rarer ; while, in the material system, the contrary must be 
the case. Could this fact be submitted to experiment, 
we should immediately be enabled to decide the ques- 
tion." (Lloyd, Lectures on Light and Vision^ p vi. 1831.) 



WAVE HYPOTHESIS. 65 

of the constitution of the universe. The elec- 
trician and the magnetician have assumed, 
respectively, an electric and a magnetic fluids 
and there can be no impropriety, therefore, in 
the optician assuming a luminiferous ether, pro- 
vided, however, that it be compatible with well 
ascertained facts, and do not violate known 
laws. Moreover, it is by no means improbable 
that the fluids which have been respectively 
assumed as the causes of electrical, magnetical, 
calorific, and luminous phenomena, may be one 
and the same. It has seemed to some a pos- 
sible conjecture that even gravity, perhaps, may 
be referable to the same cause. . Newton* 
himself has thrown out a speculation of this 
kind. Alluding to the ether, he says, " Is not 
this medium much rarer within the dense bodies 
of the sun, stars, planets, and comets, than in 
the empty celestial spaces between them ? And 
in passing from them to great distances doth 
it not grow denser and denser perpetually, and 
thereby cause the gravity of those great bodies 
towards one another, and of their parts towards 
the bodies ; every body endeavouring to go 
from the denser parts of the medium towards 
the rarer?" Very recently, Dr.Rogetf and 

• Opticks, p. 325. Query 21. 

t Electricity. Published in the Library of Useftd 
Knowledge, 
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Mosotti * have shown how, on the assumption 
of an ethereal medium, the phenomena of gra- 
vitation and electricity may be included in the 
same law. 

It has been said, that if the universe con- 
tained a fluid of the kind here referred to, the 
planets must experience some resistance to 
their motions, and, therefore, that as no resist- 
ance can be detected, there can be no ethereal 
medium. This conclusion, however, is by no 
means a necessary one, for " if this ether," 
says Newton f, ''should be supposed 700,000 
times more elastic than our air, and above 
700,000 times more rare, its resistance would 
be above 600,000,000 times less than that of 
water. And so small a resistance would scarce 
make any sensible alteration in the motions of 
the planets in ten thousand years." The most 
satisfactory evidence of this resistance, if in- 
deed it exist, might be expected to be found 
in the case of the comets, bodies made up of 
the lightest materials, in fact, masses of vapour, 
and, therefore, from their less momentum, 
more likely to suffer retardation. In the case 
of Encke's comet, evidence of this resistance is 
believed to have been obtained. The mean 

* On the Forces which regulate the fntemal Constitu^, 
tion of Bodies^ in Taylor's Scientific JHfemoirs, part iii. 
f 0|pftcA*, p. 327. Query 22. 



WAVE HYPOTHESIS. 67 

duration of one entire revolution of this comet 
is about 1207 days, and the " magnitude of the 
resistance is such as to diminish the periodic 
time about -i^^^To of the whole at each revblu- 
tion ; a quantity so large that there can be no 
mistake about its existence."* 

The following table of the mean duration of 
one entire revolution of this comet, allowance 
being made for perturbations occasioned by the 
action of neighbouring planets, is taken from a 
memoir by Encke.j- 

Days. 

From 1786 to 1795 1208-112 

" 1795 to 1805 1207-879 

" 1805 to 1819 1207-424 

Sir John Herschel J observes, that " on com- 
paring the intervals between the successive 
perihelion passages of this comet, after allow- 
ing, in the most careful and exact manner, for 
all the disturbances due to the actions of the 
planets, a very singular fact has come to light, 
viz., that the periods are continually diminish- 
ing, or, in other words, the mean distance from 
the sun, or the major axis of the ellipse, dwind- 
ling by slow but regular degrees. This is evi 
dently the effect which would be produced by 

* Airy, Report on the Progress of Astronomy, in the 
Report of the British Association for 1833. 
•j* Astronomische Nachrichten, Nos. 210, 211. 
X Treatise on Astronomy (in Lardner's Cyclopcedia\ p 

309. 

F 2 
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a resistance experienced by the comet from a 
very rare ethereal medium pervading the re- 
gions in which it moves, for such resistance, by 
diminishing its actual velocity, would diminish 
also its centrifugal force, and thus give the sun 
more power over it to draw it nearer. Accord- 
ingly (no other mode of accounting for the 
phenomenon in question appearing), this is the 
solution proposed by Encke, and generally re- 
ceived. It will, therefore, probably fall ulti- 
mately into the sun, should it not first be dis- 
sipated altogether, a thing no way improbable, 
when the lightness of its materials is considered, 
and which seems authorised by the observed 
fact of its having been less and less conspicuous 
at each reappearance." 

So extensive a theory as that of undulations 
of course must have its difiiculties and be open 
to many objections. 

" One of the principal objections urged 
against the undulatory hypothesis is that, ac- 
cording to it, light should not only be propa- 
gated in right lines, but in every direction, as is 
the case with sound ; so that there could be no 
shadow, no absence of light produced by the 
intervention of an obstacle. To this the sup- 
porters of the system reply, that this lateral 
propagation of the pulses of an elastic medium 
is less, the greater the velocity of the pulses, as 
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that of sound is less than that of water, &c. : 
so that they consider themselves justified in in- 
ferring, that when the velocity of propagation 
is so great as that of light, the lateral propaga- 
tion must be insensible." * 

Moreover, on the principle called " the 
mutual destruction of secondary waves," it has 
been proved that such lateral spreading of 
waves must in a great degree destroy itself. 
But also in point of fact, it does to a certain 
degree exist. 

Sir D. Brewster j- states, that there are cer- 
tain classes of facts which the wave theory will 
not explain. Two of these only he mentions : 

1st, The phenomena of transverse fringes 
which cross the fringes produced by grooved 
surfaces and produce, both in common and 
homogeneous light, a series of phenomena 
equally beautiful and singular. In these phe- 
nomena we witness the extraordinary fact that 
a stripe of polished metal is incapable, at va- 
rious angles of incidence, of reflecting a single 
ray of homogeneous light ; while at intermediate 
angles of incidence, it reflects that light freely. 

2. The second group of phenomena present 
themselves in looking at a perfect solar spectrum, 

* Lloyd on Light and Vision^ p. 6. 
f AthenmvM^ July 12. 1845. 

F 3 



70 ON THE POLARIZATION OF LIGHT. 

or a difFractive spectrum, through the edge of a 
thin plate of glass, quartz, or mica. If we cover 
one half of the pupil of the eye with such a 
plate, and with this view the spectrum so that 
the rays which pass by the edge of the plate 
may interfere with those which pass through 
it, then if the plate is seen in the same side as 
the violet space, the spectrum is seen crossed 
with numerous black and nearly equidistant 
bonds parallel to Frauenhofer's fixed lines, and 
generally speaking increasing with the thick- 
ness of the plate; but if the plate is on the 
same side as the red space, no bonds whatever 
are seen, though all the other conditions of 
their production are the same. This he called 
a new polarity. 

In reply to Brewster, Airy and others ex- 
pressed themselves to the effect that they did 
not doubt of the capability of the theory to 
explain the phenomena, however complicated. 
Airy indeed has done so with respect to the 
" new polarity," though Brewster at first de- 
nied its accuracy [yet the subsequent inves- 
tigation of Mr. Airy completely settled the 
question.* There are, however, many pheno- 
mena which as yet remain unexplained by the 
undulatory theory, chiefly such as would re- 

* See PhU, Mag,^ November and December, 1846. 
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quire such an extension of the analytical for- 
mulas as the state of the calculus does not at 
present enable us to pursue].* 

Leaving these speculations, I proceed to 
point out the properties which an ethereal 
medium must be supposed to possess. 

Ethereal Molecules. — The ether consists, or 
is made up of minute parts, which we call mole^ 
culeSy between which there must exist attrac- 
tive and repulsive forces j-, in virtue of which 
the ether possesses extreme elasticity. More- 
over, there appears to exist some attractive 
force between the ethereal molecules and the 
particles of the grosser forms of matter. In- 
deed, Dr. Young supposed that the vibrating 
medium is the ether and ponderable matter 
conjointly. 

But instead of insisting on the actual exist- 
ence of an ethereal medium composed of mole- 
cules, we " may be content to look at the 
theory simply as a mathematical system, which 
faithfully represents, at least, a wide range of 
phenomena, and to some extent connects the 
laws so made out with dynamical principles 

♦ Phil Mag., July, 1852. 

f See a paper by Mr. Earnsbaw, On the Nature of the 
Molecular Forces which regulate the Constitution of the 
Luminiferous Ether, in the Transactions of the Cam- 
bridge Philosophical Society y vol. vii., part 1. 

F 4 
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regulating the motions of a system of points, 
combined to form an elastic system, which, for 
brevity and illustration, we call molecules, con- 
stituting an ethereal medium.''* 

Ethereal Waves. — If we suppose the exist- 
ence of attractive and repulsive forces between 
the ethereal molecules, it follows, that when 
these molecules are at rest or have attained a 
state of equilibrium, any attempt to move one 
molecule must be attended with the displace- 
ment of several ; for the motion is extended to 
adjacent molecules. So that if a vibratory 
movement be communicated to one, it is ex- 
tended to several. If the constituent particles 
of a body be disturbed by any cause whatever, 
(provided they have not been carried beyond 
the limits within which the stability of the 
equilibrium is confined), will return again to a 
state of repose. This is efiected by the par- 
ticles alternately approaching the position of 
rest and receding from it, until, after some time, 
equilibrium is restored. The movements thus 
generated are termed vibrations, or oscillations. 
Now, an assemblage of vibrating molecules suc- 
cessively, in all phases of vibration, constitutes 

* A General and Elementary View of the Undulatory 
Theory, as applied to the Dispersion of Light, By the 
Key. Baden Powell, 1841, pp. 4 and 5. 
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an ethereal wave. These vibrations being com- 
municated through successive portions of the 
ethereal medium reach the retina or expanded 
optic nerve, and are propagated along the optic 
nerve to the brain, where they excite in us the 
sensation of lights just as the vibrations of the 
air communicated to the auditory nerve, and 
from thence to the brain, produce the sensation 
of sound. 

The number of impulses made by the ethe- 
real molecules on the retina in a given time, 
determines the colour of the light, just as the 
number of impulses by the aerial molecules on 
the auditory nerves determines the pitch, note, 
or tone of sound. Hence colours are to the 
eye what tones are to the ear. 

Undulations of Elastic Fluids, — All elastic 
fluids are susceptible of undulatory movements, 
if the equilibrium of their particles be dis- 
turbed by any cause whatever. Their oscilla- 
tions are in the main similar to those of non- 
elastic fluids, modified, however, by the extreme 
compressibility and expansibility of their con- 
stitution. 

If a vibration be imparted to the air at any 
point whatever, it will be communicated to the 
surrounded particles, which will recede, in con- 
sequence of the facility with which they move 
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among each other, with equal velocity in all 
directions, driving before them all those par- 
ticles which lie in their path. Each of these, 
because of its inertia, opposes a certain resist- 
ance to this movement ; and the air, by virtue 
of its compressibility, becomes condensed ; con- 
sequently the movement of the particle ori- 
ginally excited will be communicated through 
the mass. 

** From Newton's measures of the thicknesses 
reflecting the different colours, the breadth and 
duration of their respective undulations may 
be very accurately determined. The whole 
visible spectrum appears to be comprised 
within the ratio of three to five, which is that 
of a major sixth in music ; and the undulations 
of red, yellow, and blue, to be related in mag- 
nitude as the numbers 8, 7, and 6 ; so that the 
interval from red to blue is a fourth. The 
absolute frequency expressed in numbers is 
too great to be distinctly conceived, but it 
may be better imagined by a comparison with 
sound. If a chord sounding the tenor "^j could 
be continually bisected forty times, and should 
then vibrate, it would afibrd a yellow green 
light : this being denoted by % the extreme 
red would be % and the blUe ^^ The absolute 
length and frequency of each vibration is ex- 
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pressed in the table;"* supposing light to 
travel at the rate of 192,000 miles per se- 
cond. 
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Lengths of ethereal Waves. — The particles 
of ether must be subject to infinitely varied 
forces; and, therefore, the waves or undula- 
tions must be infinitely varied in length. 

All waves between 00000266 of an inch 
and 00000167 of an inch produce impressions 
of light or are colorific, — the first giving rise 

• Dr. YonDg's Course of Lectures on Natural Philo- 
sophy, vol. ii. p. 627. The above table is also taken from 
this work. Dr. Young calculated the velocity of light 
at 500,000 million feet in 8} ininntea ; but I have adopted 
Sip John Herachel's aasumption of 192,000 aiilea per 
second, which makes die numbers in the fourth column of 
the table different to those given by Young. 
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to the extreme red, the second the extreme 
violet These only are capable of exciting vi- 
brations in the optic nerve capable of producing 
vision. 

No other waves produce an impression on 
the eye : but such may be sensible to us by 
their heating or chemical effects : we may call 
them calorific and chemical waves. But in the 
solar beam there is no evidence of their being 
distinct from the luminiferous waves. 

The maximum of calorific effect is situated 
at the red end of the spectrum ; the chemical 
beyond the violet end.* 

Amplitude of Vibrations {Intensity of Light). 
— The amplitude of vibration is the maximum 
excursion from rest of each molecule of the 
ether. 

The intensity of the light depends on the 
amplitude of the vibrations: just as the in- 
tensity of the sound yielded by a vibrating 
cord depends on the amplitude of the oscilla- 
tions. 

If in the same medium, the amplitude of 
the oscillation is doubled, the absolute velocity 
will also be doubled, and the living force, or 
the intensity of the light, will be quadrupled.f 

♦ On this subject see Fresnel, p. 127. 
t Ibid., p. 121. 
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The following synoptical table will place in 
one view the chief points of the wave theory. 

Wave or undvJatory Hypothesis. 

1. Sensation of light produced by agitation of retina. 

a. Agitation caused by vibrations of ether. 

b. Intensity depends on the amplitude of the vibra- 

tions. 

c. Colour on the number of waves in a given time. 

2 . Ether ; its existence assumed. 

a. Pervades transparent bodies and universal space. 
h. Is highly elastic. 

Elasticity less in refractive media, 
c. Composed of vibratile molecules. 

3. Ethereal Molecules. 

a. Attractive and repulsive forces of. 
h. Transversal vibrations of. 

■D .... f in all a,zim\it}is(common light), 

1 in one azimuth 1 / » • j 

/S. Curvilinear /elliptical [(polarized 

(right or left) 1 circular J ^^^^^>' 

c. Amplitude of vibrations (intensity of light). 

d. Velocity, 

Varies according to the amplitude of the vibration 

4. Ethereal waves or undulations. 

a. Varieties. 

in all planes (common light). 
in one plane 1 / ? • j 
elliDtical \ (polarized 



1. Plane 

2. Helicoidal 

h. Lengths, 

1. Of visible (colorific) waves. 



a. 0*0000266 of an inch (extreme red). 
/3. 0*0000167 of an inch (extreme violet). 

2. Of invisible (calorific or chemical) waves. 



78 ON THE POLARIZATION OF LIGHT. 

c. Heights (intensUy). 

d. Velocity of propagation {velocity of light). 

cu Independent of height. 

p. Affected by the medium (refraction). 

Less in refractive media, 
y. Affected by the length of the wave (dis- 
.persion). 

Less for shorter (violet) waves. 

Greater for longer (red) waves. 

e. Number of colorific waves in a second. 

o. 458 billions (extreme red). 
/3. 727 billions (extreme violet). 

f. Interferences. 

1. Of common light. 

a. Similar and equal waves. 

1. Difference an even number of semi waves 

(complete accordance). 

2. Difference an odd number of semi waves 

(complete discordance), 

3. Difference intermediate (partial discordance). 
/3. Similar but unequal waves. 

y. Dissimilar waves. 

2. Of plane polarized light. 

o. Waves polarized in same plane 1 / /• • \ 

/8. Waves polarized in inclined planes J ^•' ° ^' 

y. Waves polarized in rectangular planes (wo 
fringes), 

1. Difference any number of semi waves (plane). 

2. Difference an odd number of quarter waves 

(circtdar), 

3. Difference a fractional number of quarter 

waves (elliptical). 
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There is a limit to the sensibility of both ear 
and eye, that is, a certain number of impulses 
must be made in a given time on these organs 
before we become sensible of them ; and if we 
go on augmenting the number, we cease to be 
sensible of them after a certain time. Now, 
the limits of sensibility of the eye are much 
more confined than those of the ear; or, in 
other words, the sensibility ceases much sooner 
in the case of the eye than in that of the ear. 

The following is the range of the human 
hearing according to Biot* : — 





Number of 
Vibrations in 
one Second. 


Length 

of Sonorous 

Waves. 


Commencement of appreciable sounds 

Knd of apnreciablfi 80und4f......*t. 


32 

64 

128 

256 

512 

1024 

2U48 

4096 

8192 


Feet in. 

32 
16 
8 
4 
2 
1 
6 
3 
li 





But the actual range varies in different in- 
dividuals, and we shall not be far from the 
truth if we assume, with Dr. Wollastonf and 
Sir John HerschelJ, that the whole range of 
human hearing includes about nine octaves. 

* Precis JSlementaire de Physique^ vol. i. p. 324. 

t PM. Trans, 1820, p. 306. 

X Encyclopedia Metropolitana, art. Sounds p. 792. 
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Now, on comparing the range of human 
hearing with that of vision, we find the relative 
limits of the two senses to be as follows : — 

Eye. Ear. 

Commencement of sensibility - 1 - 1 
Cessation of ditto - - - l^^^^ - 1024 

It is highly probable, however, that the 
range of human vision, like that of hearing, is 
subject to variation in different individuals. 

From these observations, then, it will be 
understood, that, according to the undulatory 
theory, the colour of the light depends on the 
lengths of the waves, or on their number in a 
given time. Thus red has the largest waves, 
and, therefore, the smallest number in a given 
time ; while violet has the shortest waves, and, 
therefore, the greatest number in a given time. 

The intensity of the light depends on the 
amplitude or extent of excursion of the ethe- 
real molecules from their points of rest ; or, in 
other words, en the height of the wave. Just 
as when we make a cord sound, we find that 
the sound diminishes in proportion to the di- 
minution of the amplitude of the oscillations. 

Velocity of the Propagation of the Undula* 
tions, — When we speak of the velocity of light, 
we always speak of the velocity of its propaga- 
tion: this must not be confounded with the 
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absolute velocity of the ethereal molecules, in 
their vibrations. 

The velocity of the propagation is the promp- 
titude with which the motion is communicated 
from one stratum to another : it is independent 
of the intensity of the vibrations. Thus the 
slightest light is propagated with the same 
intensity as the brightest (Fresnel). 

The velocity is affected by the medium in 
which the light is propagated. In some bodies 
the elasticity of the ether is less, and con- 
sequently the velocity is also less. This 
difference is in fact the cause of refraction 
{Herschel). 

The length of the wave affects the velocity. 
Mathematicians long held that the propagation 
was the same for all lengths. But observation 
has proved that different colours are differently 
refracted: M. Cauchy has, however, removed 
the diiBculty ; and it is now admitted that the 
velocity of propagation varies with the length 
of the wave ; being less for the shorter waves, 
greater for the longer waves. 

[This is, in fact, a subject of great interest 
as well as difficulty. In a word, according to 
the earlier views of the undulatory theory, 
light of all colours ought to be equally re- 
fracted, which we know it is not. M. Cauchy, 
by taking a slightly different view, while he 



82 ON THE POLARIZATION OF LIGHT. 

includes the explanation of other phenomena, 
just as in the previously received view of the 
theory, makes it also extend to this case, and 
shows that in general light of different colours 
(i. ^. wave lengths) ought to be unequally re- 
fracted, as in fact it is. When we come to 
numerical results, this is found to apply ex- 
actly to all media in which accurate observa- 
tions have been made of moderate dispersive 
power. But when we advance to those of 
very high dispersive power, there are consider- 
able discrepancies from theory. It has been 
shown, however, that an empirical alteration 
of the formula will include these cases, while 
it applies equally well to the others. But 
this empirical alteration is not justified by 

theory. 

This may be considered as the exact present 

state of the investigation. For particulars 
the reader is referred to Prof. Powell's trea- 
tise on the Undulatory Theory, &c., before 
mentioned.] 

[The mode in which the refraction takes 
place, and the contraction of the waves on en- 
tering a denser medium, may be illustrated by 
the annexed diagram (Jig. 26.). For experi- 
mental proof that the wave lengths are con- 
tracted in the denser medium, see Phil. Mag., 
Dec. 1832.] 






WAVE HYPOTHESIS. 

The nature of vibra- ^'S- 26 

tions generally, as ex- 
hibited by a stretched 
cord, may be considered 
as threefold ; — ' 

1. Transversal, or 
when each particle moves 
in a direction at right 
angles to the length of 
the string. 

2. Longitudinal, 
when the motion is by expansion and contrac- 
tion along the length of the string. 

3. Rotatory, or around the axis in a spiral 
form. 

These varieties are well illustrated hy Prof. 
Fig. 27. 





August's apparatus, the principle of which is 
represented in the annexed sketch. It consists 
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of a weight which stretches a spiral wire, which 
is confined at any one point by a ring capable 
of being adjusted to any height. 

1. If the wire be at its full length, on pulling 
it in the middle, it vibrates transversely. 

2. Raising the ring, raise and then let go 
the weight, and the wire vibrates longitudinally/ » 

3. Twist the wire and then allow the weight 
suddenly to fall, and we get the rotatory or 
spiral vibration. 

If a series of bodies or molecules be each 
in a state of vibration, and each at the same 
instant be in a different stage, or phase, of its 
vibration, and this in a regular order of suc- 
cession, so that at the same instant the first 
molecule is at the commencement of its vibra- 
tion, the next a little advanced, the third still 
more, &c., &c., the assemblage of these mo- 
tions constitutes a wave. Each molecule per- 
forms its own vibrations in its own path, from 
which it does not deviate ; but the wave moves 
on, or the form assumed by the configuration 
of the molecules at each moment passes on to 
the next set, and so on. To illustrate at once 
the performance of these vibrations of several 
difierent kinds, and the resulting propagation 
of waves of corresponding kinds, Prof. Powell 
has contrived a machine as follows. It is 
founded upon this geometrical construction : a 
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finite line, P Q, moves always through the 
point C, and with its end P always in the cir- 
cumference of a given circle, whose jpig, 28. 
centre is A ; the end Q will describe 
a certain curve, which appears upon 
analysis to be one of a high order, 
but having in general some sort of 
oval form, which varies as the dis- 
tance AC is altered. If AC be 
very great compared with the radius 
of the circle, Q will move up and 
down, almost in a straight line: if 
A C be somewhat less, its path will 

resemble an ellipse; if still less, it 
will be more rounded or resemble a 

circle. 

Upon this the machine is constructed as fol- 
lows (A and C correspond in both diagrams) : — 

The lower part consists of a stout iron wire 
bent into a series of cranks, of which the two 
extremes are in the same position, e. g. down- 
wards ; the middle one vertical, and the inter- 
mediate ones at intermediate inclinations. At- 
tached to each crank by a hinge or joint, is a 
long rod, R R', Sfc, which passes through an 
aperture in a cross-bar, C C, at the top. The 
top of this rod is made conspicuous by an ivory 
ball or a ball painted white, B, the rest of the 
apparatus being painted black. The bar C C 

o3 
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is attached to the supports AC A' C, by screws, 
and can be removed (without changing the rods) 




US? 



from D D to the positions D' T>', or D" D". 
The proportions of the machine are not essen- 
tial, but only that the lengths of the rods 
should be great compared with that of the 
cranks. When the bar is at D D, on turning 
the handle, a plane polarized wave is produced 
by the balls ; when at D' D' an elliptical one ; 
and when at D" D" a circular one — that is, 
what, foe illustration, and to the eye, may be 
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considered so. If the distance A D'' be eigh- 
teen inches, A D' should be about twenty-four, 
and A D about thirty-six inches ; but these are 
not material as to exactness. Fig. 29, represents 
this machine in its original simple and effective 
form.* 

Transversal Vibrations, — I come now to a 
most important part of the undulatory hypo- 
thesis — that by which the phenomena of po- 
larized, as distinguished from those of common 
or unpolarized, light are accounted for. I refer 
now to the hypothesis of transversal vibrations^ 
first suggested, I believe, by Dr. Young, but 
most admirably developed and applied by 
Fresnel. 

" The existence of an alternating motion of 
some kind, at minute intervals along a ray, is,*' 
says Prof. Powell f, " as real as the motion 
of translation by which light is propagated 
through space. Both must essentially be com- 
bined in any correct conception we form of 
light. That this alternating motion must have 

* [Some attempts at improvement on it profess to 
dispense with the cranks : but if there were not reaUy a 
crank, or what is equivalent to it, the essential principle 
of the instrument would be lost, as the balls could not 
revolve in oval curves.] 

•j* A General and Elementary View of (he JJndvlatory 
Theory^ p. 4. 

G 4 
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reference to certain directions transverse to that 
of the ray is equally established as a conse- 
quence of phenomena, and these two principles 
must form the basis of any explanation which 
can be attempted.'* 

In order to understand transversal vibrations, 
let us first consider how waves of water, and of 
other liquids, are formed. If a stone be thrown 
into a pond, there is formed a system or group 
of waves, which commences at the spot where 
the stone impinges, and gradually extends out- 
wards in the form of concentric circles.* The 
aqueous particles in the centre are forced down, 
and the surrounding ones thereby urged up- 
wards above the normal level of the water. In 
this way the central depression, and the first 
or innermost circular heap, are formed. But 
gravity soon causes this heap to subside, and 
fill up the central depression, while by its 
downward progress it acquires momentum, and 
thereby descends below its normal level, thus 
not only giving rise to a circular depression. 



« 



" Self-love but stirs the virtuous mind to wake, 
As the small pebble stirs the peaceful lake ; 
The centre moved, a circle straight succeeds ; 
Another still, and still another spreads.*' 



Pope's " Essay on Man," quoted by Browne, vol. iii. 
pp. 228-9. 
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but causing the formation of another and outer 
circular heap by the elevation of the neigh- 
bouring particles. In this way the waves gra- 
dually extend outwards. It is obvious, then, 
that in waves of liquids, the directions of vibra- 
tion of the molecules is vertical, or nearly so, 
while the propagation of the waves is horizontal. 

In a vibrating cord, the vibrations are rec^ 
tangular to the propagation of the undulations 
along the cord. 

In luminous waves, the direction of vibration 
is supposed by Fresnel to be transverse to the 
direction of propagation. " If the particles of 
the ether be supposed to vibrate in the direction 
of the ray itself, it seems inconceivable that 
such a ray could bear a different relation to the 
different parts of the surrounding space ; every- 
thing, in fact, would be similar on all sides of 
the ray — above and below, on the right hand 
and on the left." * The researches of Cauchy 
establish the doctrine of transversal vibrations ; 
his general theory, indeed, includes mathema- 
tically a third vibration, namely, one parallel 
to the ray, or makes the motions of the mole- 
cules take place in three rectangular axes. This 
third vibration, parallel to the ray, seems to 
have no representative in nature. 

Now, polarized light, on the wave hypo- 

* Lloyd's Lectures, p. 25. 
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thesis, is light which has only one plane ot 
azimuth of vibration ; whereas common or wn- 
polarized light consists of light having two or 
more planes of vibrations, all azimuths, of which 
two must be rectangular — that is, after the 
molecules have vibrated in one plane or azi- 
muth, they change their vibration to another 
plane or azimuth. . So that common light con- 
sists in a rapid succession of waves in which 
the vibrations take place in different planes. 
It does not, however, appear that the planes of 
vibration are continually changing; but that 
in each system of waves, there are probably 
several hundred successive vibrations, which 
are all performed in the same plane ; although 
the vibrations of one system bear no relation 
to those of another. Thus, then, we call that 
light polarized^ in which all the vibrations take 
place in one plane ; but when vibrations are 
succeeded rapidly by other vibrations in an 
opposite plane, the two waves, though sepa* 
rately called polarized^ are, tog ether ^ termed 
unpolarized or common light ; so that, as Fresnel 
has observed, common light is merely polarized 
lights having two planes of polarization at right 
angles to each other. 

Thus, then, I have now replied theoretically, 
as well as practically, to the question, " What 
is polarized light ?*^ 
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Partially polarized light consists, according 
to Sir John Herschel, of two unequally intense 
portions; one completely polarized, the other 
not dt all. Sir David Brewster, however, re- 
gards it as light whose planes of polarization 
are inclined at angles less than 90°. But to 
the latter view some objections have been raised 
by Mr. Lloyd. 

In the following diagram, let the straight 
lines represent the directions in 'which the 
ethereal molecules are supposed to vibrate. 
Then A B and C D will represent the direction 
of vibration of the ethereal molecules of two 
oppositely 'polarized rays : A B' C D' the two 
rectangular directions of vibration of a ray of 
common or unpolarized light ; and A'' B^' C D^' 
a ray of partially polarized light, according to 
Sir D. Brewster's hypothesis. 

Fig. 30. 



-© o- 
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" The difference between a polarized and an 
ordinary ray of light," says Sir John Herschel, 
" can hardly be more readily conceived than by 
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assimilating the latter to a cylindrical^ and 
the former to a four-sided prismatic rod, such 
as a lath or a ruler, or other long, flat, straight 
stick." 

In order to illustrate Fresnel's notion of 
transversal vibrations, and of the hypothetical 
difference between common and polarized light, 
painted card models are very convenient. A 
piece of card-board is cut out in a waved or 
undulated form, so that the curves of the upper 
and lower edges accord. Then, midway be- 
tween these edges, a row of circular black spots 
is painted on the card : these are to represent 
the ethereal molecules, while the card-board 
represents the plane of vibration. A single 
card thus cut and painted serves to illustrate 
a ray of plane-polarized light {Jig, 31. A) : two 
of them placed side by side, with their planes at 
right angles to each other, B, represent the 
two oppositely-polarized rays produced by a 
double refracting prism, while two so placed 
that they mutually cross represent common 
light, C. 

We are now prepared to understand how 
common light becomes polarized. In the case 
of the doubly refracting bodies the two planes 
separate, for reasons that will be explained in 
the next lecture ; and as the two waves have 
the planes of their vibrations at right angles to 
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each other, we see now how the rays are said 
to be oppositely polarized. As these two 
waves are propagated with different velocities, 
they in consequence follow different paths. 




The tourmaline likewise separates the two 
planes ; but it gradually extinguishes the one, 
by offering such an impediment to its progress 
that its vibrations are destroyed. The agency 
of the reflecting plate in polarizing light may 
also be readily accounted for. When a ray 
of common light falls on a transparent surface, 
at a certain angle, its planes of vibration are 
resolved into two, one of which is transmitted, 
the other reflected; both are polarized, but 
oppositely. 

The action of the analyzer or test may also 
be easily understood. Suppose the analyzer to 
be a reflecting plate : if this plate be at the 
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same angle to the ray as the polarizing plate, 
the vibrations will be reflected when the planes 
of reflexion of the polarizing and analyzing 
plates coincide — but will be transmitted (that 
is, not reflected) when the planes are at right 
angles to each other. Suppose the analyzer to 
be a tourmaline plate : in one position this 
plate permits the vibrations to be transmitted, 
but in a position perpendicular to this it de- 
stroys them. So that in these two rectangular 
directions the crystal of tourmaline must possess 
unequal elasticities ; for the motion or vibration 
is transmitted in the one, but stifled or de- 
stroyed in the other direction. Suppose the 
analyzer to be a rhombohedron of Iceland spar ; 
in either of two rectangular directions the vi- 
brations of the polarized incident ray are pro- 
pagated unchanged, but at an angle of 45° to 
either of these positions, the plane of vibration 
of the incident ray is resolved into two rectan- 
gular planes, each of which forms an angle of 
45° with the incident ray. 

Interferences of Light, — It is a law in dy- 
namics, that the velocity produced by two joint 
forces, when they act in the same direction, 
will be as the sum of the forces. Hence if two 
waves, all of whose parts respectively coincide, 
meet, it is evident that their velocities will be 
doubled. Whether the vibrating medium be 
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water, or air giving rise to sounds or ether 
giving light, this statement holds good: the 
intensity of the waves is doubled. 

But the velocity of two joint forces, when 
they act in opposite directions, will be as their 
differences. Hence, if a wave (of water, air, or 
ether) be half an undulation behind another 
wave, the velocities of the two are mutually 
destroyed. If two elevations meet in exactly 
opposite directions, an elevation of double the 
height will be produced: if two depressions 
meet, a depression of double depth will be pro- 
duced; but if an elevation and a depression 
meet, the surface of the fluid will remain un- 
disturbed, each counteracting the other. This 
mutual annihilation is denominated the inter- 
ference of waves. 

We have an illustration of the same thing 
on a large scale in the tides, the spring tide 
being the sum of the solar and lunar waves 
when they conspire ; the neap tides their dif- 
ference when they are opposed to each other. 
When stones are thrown into a pond, and two 
groups of waves cross each other on its surface, 
there are points at which the water remains 
immoveable when the two systems are nearly 
of the same magnitude, while there are other 
places in which the force of the water is aug- 
mented by their concurrence. If two sonorous 
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undulations differ a little from each other in 
frequency, they alternately tend to destroy 
each other, and to acquire a double, or, per- 
haps, a quadruple force; and the sound gra- 
dually increases and diminishes in continued 
succession at equal intervals. This alternate 
intension and remission is called a beat. 

In the same way, the waves of the lumini- 
ferous ether interfere, and, mutually destroying 
each other, cause darkness. This important 
Fig. 32. fact, that under some cir- 

»^ cumstances, light added to 

light causes darkness — a 
fact apparently fatal to the 
i:::::d projectile theory of light — 
t^ '" was first established by 
Dr. Young. This distin- 
guished philosopher, whose 
^ attainments and knowledge 
were insufiiciently esti- 
mated while he was living, 
]/// fit / V^^^^^ ^ sunbeam through 

III III I fine needle in thick paper, 
and brought into the diverging beam a slip 
of card (A B) one-thirtieth of an inch in 
breadth, and observed its shadow (EF) on a 
white screen, at different distances. The shadow 
was divided by parallel bands, but the centrai 
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line (X) was always white. That these bands 
originated in the interference of the light pass- 
ing on both sides of the card, Dr. Young de- 
monstrated by simply intercepting the light on 
one side by a screen (C D), leaving the rays 
on the other side to pass freely. In this ar- 
rangement all the fringes which had before 
existed in the shadow immediately disappeared, 
although the light inflected on the edge (A) 
was allowed to retain its course. The same 
result took place when the intercepting body 
was at c d, before the edge B of the body. 
These are the same as the internal bands re- 
presented mfig> 18. 

By a series of wooden sliders, originally con- 
trived by Young*, but put into a very con- 
venient form for use in the lecture-room, by 
my friend Mr. Woodward, the interference of 
waves may be neatly illustrated. By this ap- 
paratus it will be seen that when the difference 
amounts to 2, 4, 6, or other even number of 
half-undulations, the waves coincide and mu- 
tually augment their intensities ; while, when 
the difference amounts to 1, 3, 5, or other odd 
number of half-undulations, there is discord- 
ance and mutual destruction. Now, it will 
be perceived that these numbers coincide with 

* Lectures on Natural Philosophy^ vol. i. p. 390., plate 
XXV., Jig, 352., D. 

H 
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those referred to by Newton, as expressive of 
his fits of transmission and reflection. 

If two waves of homogeneous or monochro^ 
matic light interfere, the result will be an aug^ 
mentation or diminution of brilliancy^ or com- 
plete destruction. The light is augmented when 
the waves accord, but is lessened or destroyed 
when they are mutually opposed. Hence 
Newton's rings, seen by homogeneous light, are 
merely dark and light bands of one and the 
same colour. 

But if two waves of heterogeneous or white 
light interfere, the result will be the production 
of vivid coloured fringes. Certain colours are 
destroyed, while others remain or have their 
brilliancy augmented. 

To this class of phenomena belong all those 
varied instances of diffraction to which we 
have before alluded. The general principle of 
interference may be stated under the two fol- 
lowing heads: — 

1 . If two waves coincide or conspire in their 
movements at all their parts, the velocities of 
the vibrations, and consequently their inten-* 
si ties, will be doubled. 

2. If the waves of one series be half an un- 
dulation either in advance or behind another 
series of waves, the velocities of the vibrations, 
and consequently their existence, are destroyed. 
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3. If waves of unequal length interfere, they 
cannot destroy each other. Their relative po- 
sition throughout the group is not the same ; 
and, though some vibrations are destroyed, 
others are augmented, and some are inter- 
mediately affected. Hence would be produced 
an effect analogous to the beat in music: 
but these alternations of weaker and stronger 
succeed each other with prodigious rapidity 
and produce in the eye a continuous sensation 
only, (See Fresnel, p. 125.) 

[On the wave hypothesis we can easily explain 
the phenomena of diffraction before described. 
In the annexed diagram let light originate 
from a luminous point O, and diverge in cir- 
cular waves from O as a centre, portions of 
which are represented by the concentric circular 
arcs ; the dark lines corresponding to the crests 
of the waves, the dotted lines to the depres- 
sions. (See ^^.33.) 

Now let such a series of waves encounter 
an obstacle A. At its edge a new set of waves 
will commence diverging in like manner in a 
circular form and similarly represented in the 
diagram. But the original waves also con- 
tinuing to be propagated, these last will cross 
and interfere with them ; and upon inspecting 
the figure it will be seen, that at all the points 

where a dark line crosses a dotted one there 

h2 



* I , ^ * "» J - 



100 ON THE POLARIZATION OF LIGHT. 

will be a discordance or mutual destniction 
of the waves, viz. at the points marked O ; 

Fig. 33. 




and wherever a dark line crosses a dark line, 
or a dotted a dotted line, there will be a point 
of accordance or double intensity marked +. 
Thus, if the light be received on a screen S 
at any distance, the image will consist of a 
series of bright and dark points at alternate 
distances from the edge. 

What is here shovra of one edge is easily 
extended to the case of two forming an aper- 
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ture, or two opposite edges of the same opaque 
body, within whose shadow, in like i 




^E&a 



dark and bright stripes will be produced as in 
Dr. Young's experiment {fig. 33.). 

It was also on the very same principle M. 
Arago established the abstract property, that 
any two rays originating from the same point 
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will interfere, if made to cross at a very small 
angle, without reference to the edge of any 
opaque body, either by reflexion from two plane 
mirrors very slightly inclined to each other, or 
by passing through a very flat prism, when. 



FiS. 35. 




in either case, a set of fine and well-defined 
dark and bright stripes are produced, and may 
be seen magnified by an eye-lens. The sun*s 
light must be used, brought to a focus by a 
lens fixed in the shutter. The refiectors may 
be halves of the same piece of glass laid on a 
table, and one slightly pressed at its edge.] 

We come now to another very important 
case of interference. It is a law in dynamics, 
that a body acted upon by two forces united 
will describe the diagonal of a parallelogram 
in the same time in which it would have de- 
scribed its sides by the separate action of 
those forces. Hence, if two waves whose mole- 
cules are in the same phases of vibration, but 
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whose planes of vibration are more or less 
angular, say rectangular, to each other, the 
only effect produced is an alteration of the 
plane of vibration. 

Fresnel established the law, that " two rays 
of light, polarized at right angles to each other, 
exhibit none of the phenomena of interference ;" 
that is, they produce no colours of fringes. 
But under certain conditions they will pro- 
duce other effects, and these of a very remark- 
able kind. In a word, the superposition of 
two rectilinear vibrations at right angles to 
each other, if they differ oy \ of a vibration 
in their phase, will produce, not a rectilinear^ 
but a circular vibration. 

It is often a difficult thing for the student 

to conceive how it 



Fig, 36. 




is possible, by a 
combination of two 
rectilinear motions, 
to produce curvi'- 
linear: the follow- 
ing mechanical illus- 
tration, therefore, 
may not be use-* 
less, devised by the 
Editor, and of which 
no account has 



\ 



hitherto been published. (See^^r, 36.) 
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' An arm, F attached to any convenient support, 
terminates in two branches, on which, by the 
pivots G, G^, a small frame swings : in this frame, 
by the pivots H, H^ whose axis is at right 
angles to G, G^, a pendulum P can vibrate, 
having a weight at its lower end'; and its upper, 
carried up to any convenient height, is termi- 
nated by a white ball, in order to render its 
motion conspicuous in the lecture-room. 

Now, it is evident that, by means of the 
pivots H H', the pendulum can only vibrate in 
the plane of C D. Again, by the pivots G G' 
it can only vibrate m the plane of A B at right 
angles to the former. If now motion be com- 
municated to it in one of these planes, and at 
an instant after in the other, the result of the 
compound motion in this discordance will be 
that it vibrates in the ellipse E E', which will 
be a circle if the interval be exactly |^ of a 
vibration.] 

Thus, if we have a series of such vibrations 
forming two plane waves of equal intensity, 
polarized at right angles, and differing in their 
progress \ of an undulation, the result in theory 
is a circular wave. Now, in order that you 
may comprehend how we practically effect the 
circular polarization of light, I must beg of you 
to keep in mind these statements. Remember, 
that to convert plane-polarized into circularly 
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polarized light, two conditions are necessary, 
namely, 1st, the existence of two systems of lu- 
minous waves of equal intensity, polarized per- 
pendicularly to each other; and, 2dly, a differ- 
ence in the paths of these two systems of an 
uneven number of quarter-undulations. Now, 
whenever these two conditions are satisfied, cir- 
cularly polarized light results. But how are we 
to satisfy them ? By so doubly refracting plane 
polarized light that the two resulting waves 
shall differ in their path an odd quarter-un- 
dulation. 

There are five modes of effecting the circular 
polarization of light,' that is, of satisfying the 
conditions above mentioned ; but they all agree 
in acting on the principle now laid down, 
namely, that by them plane-polarized light is 
doubly refracted, and two rectangularly pola- 
rized waves produced, which differ in their 
path an odd quarter-undulation. 

1. FresneVs Method. — Fresnel effected the 
circular polarization of light by means of a 
parallelopiped of St. Gobin (crown) glass {fig. 
37), whose acute angles B and C are about 
64° and consequently whose obtuse ones A and 
D are about 126°. This apparatus is commonly 
called FresneVs rhomb. If a ray a of plane po- 
larized light be incident perpendicularly on the 
face A B, it will suffer two total internal re- 
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Sections at an angle of about 5(°, one at E, 
the other at F, and will emerge perpendicularly 
Fig. 37. from the face D C. If the 

first plane, B D, of internal 
reflection be inclined 45° to 
the plane of polarization of 
~' the incident ray, a, the 
emergent ray, e, will be cir- 
cularly polarized, or at any 
other inclination, ellipti- 
cally. 

It is hence also apparent 
that, by reversing the ex- 
periment, or causing cir- 
FTemeSs RhmiA. cularly polarized light to 
ABCD. Freanel'B ^nter the rhomb, it wiU 
rhomb. 

a. Incident ray of emerge rectilmearly pola- 
plftne polarized light, rized, with its plane of pola- 
h. Depolarized ray. . ,. , . i j- 

c. CirWarly pola^ nzation makmg an angle of 
ized ray. -|- 45° or — 45° with the 

plane of reflection, according as the incident 
light was right or left-handed. 

Let us now endeavour to explain this pheno- 
menon according to the wave hypothesis. 

So long as reflection impartial, whether per- 
formed at the first or second surface of the 
diaphanous medium, the incident light suffers 
only a deviation from its plane of polarization, 
without having its primitive pioperjies altered, 



^ 
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whatever may be the azimuth of its plane re- 
latively to that of the plane of reflection. 

But when the reflection is total the case is 
very different. The reflected rays then have, 
in general, sufiered partial depolarization, espe- 
cially if the plane of reflection is in an azimuth , > 
of 45° relatively to the primitive plane of pola- i^ 
rization. Now, a ray of light thus modified, ^;, ^ 
or depolarized as it is termed, may be repre- V .^^ 
sented by two rays polarized, the one according ^ '^ 
to the plane of reflection, the other perpendicu- cv 
larlytoit. In otherwords, the incident-polarized s^ X 
ray {Jig. 37., a) is resolved by reflection into j/:: 
two rectangularly plane-polarized rays (6), the 
planes of which are inclined respectively, the ^ ; 
one 45"^ to the left, the other 45° to the right, Iv 
of the plane of polarization of the incident ray. ^ 

But it is obvious that the reflection of these ) X 
two rectangularly polarized. rays must be ef- v '^. 
fected at different depths, and, therefore, under " > ^^ 
very different circumstances. The ray whose f^ C 
vibrations are performed parallel to the reflect- 
ing surface will glide, as it were, on the surface, ' ^^ 
and be reflected in a stratum of uniform density ; v 
whereas the ray whose vibrations are performed > 
perpendicularly to the reflecting surface, will ^ 
penetrate to a greater depth, and pass into 
strata of varying density. The latter ray will, 
therefore, suffer a greater retardation than the 
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one whose vibrations are performed parallel to 
the reflecting surface.* 

Now when, in the case of Fresnel's rhomb, 
the plane of the first reflecting surface is in an 
azimuth of 45° to that of the incident ray, the 
retardation is equal to ^th undulation. The 
same ray is farther retarded another ^th undu- 
lation by the second reflection ; and now differs 
in its phase from that of the other ray ^th of 
an undulation. 

Thus are obtained the conditions necessary 
for the formation of a ray of circularly polarized 
light; namely, two plane rays of equal intensity, 
polarized in planes perpendicular to each other, 
and differing in their path :^th of an undulation. 

2. Airy's Method. — If a ray of plane pola- 
rized light be transmitted through a lamina of 
either mica or selenite of such a thickness that, 
for a ray perpendicular to the lamina (that is, 
the ray polarized in the plane of one of the 
principal sections of the mica), the ordinary ray 
shall be retarded an odd or uneven number of 
quarter-undulations, as ^th, f ths, or |ths (ac- 
cording to the convenience of splitting), more 
than the extraordinary ray (that is, the ray 
polarized in the plane of the other principal 
section), the emergent light will be found to be 

* This explanation must be regarded as somewhat 
hypothetical. — Ed. 



dove's method. 109 

circularly polarized. In this case the incident 
light is resolved into two sets of vibrations at 
right angles to each other, and one of these is 
retarded in its phases more than the other. 

Between this and Fresnel's method of effect- 
ing circular polarization there is this difference : 
in Fresnel's rhomb the retardation of the one 
ray is nearly the same for all colours, that is, 
for waves of different lengths. But in the case 
of the lamina of mica or selenite the retarda- 
tion is greater for blue rays than for red rays. 
** This is seen most distinctly on putting se- 
veral such laminae together [in the same crys- 
talline position], when the light which is re- 
flected from the analyzing plate is coloured ; 
whereas, on putting together several of Fresnel's 
rhombs, there is no such colour. It is plain 
that, in substituting such a lamina for Fresnel's 
rhomb, the plane of polarization of that ray 
which is least retarded corresponds to the 
plane of reflection in the rhomb." 

3. Dove's Method. — This consists in trans- 
mitting plane polarized light through glass to 
which a certain degree of doubly refracting 
power has been communicated by pressure, or 
by rapidly heating or cooling it. 

It has been shown that well annealed glass 
acquires doubly refracting properties when 
compressed; that unannealed glass possesses 
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similar properties; and also that during the 
time that glass is rapidly heating or cooling it 
is likewise a double refractor. 

Of the two systems of waves which are thus 
obtained, one is polarized in a plane parallel 
to the axis of compression, the other in a plane 
perpendicular to it. 

Now, if the degree of doubly refracting 
power thus communicated to glass be just suf- 
ficient to effect the retardation of one of the 
systems of waves ^ of an undulation, we obtain 
a structure fitted for converting plane-polaiized 
into circularly polarized light. 

" If a square or circular plate of glass," says 
Dove, " be compressed so that the axis of com- 
pression forms an angle of 45° or 135° with the 
plane of primitive polarization, the light pass- 
ing through the centre of the glass at a certain 
degree of the pressure will be circularly pola- 
rized. During a complete revolution of the 
plate in its plane round the perpendicular in- 
cident ray as an axis of revolution, the light is 
polarized four times rectilinearly and four times 
circularly : rectilinearly when the compressing 
screw acts on the points 0% 9(y>, 180°, 270% 
that is to say, when the axis of compression is 
perpendicular to the plane of primitive polariza- 
tion, or lies within it ; and, on the contrary, it 
is polarized circularly when that point of action 



DOVE S METHOD. 



HI 



corresponds to the points of division, 45", 135°, 
gg5°, 316°, whilst 45°, and 225", as also 135°, 
and 315°, exhibit a similar e£FecL" 

These statements may be rendered more in- 
telligible by the following diagram : 

Fig. 38. 




If light, rectilinearly polarized in the plane 
O" 180°, or in that of 90° 270°, he incident on 
a circular disk of compressed glass (Jtg, 38, 
ABC D), the emergent light is rectilinearly 
polarized when the axis of compression is 
either 0° 180°, or 90° 270°; hut is circularly 
polarized when the axis of compression ia 
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either 45° 225% or 135° 315°. At all inter- 
mediate azimuths it is elliptically polarized. 

The degree of compression to which the 
glass is to be subjected to produce these 
effects, is such that, when the compressed glass 
is placed in the polariscope, with the tourma- 
lines crossed, a black cross is seen with blond- 
white vacant spaces in the corners. 

Unannealed glass possessing the same de- 
gree of doubly refracting power acts in a 
similar manner to compressed glass. 

Annealed glass, while either rapidly heating 
or cooling, likewise gives rise to similar effects 
at the time when its doubly refracting power 
is just equal to that of the compressed glass 
above described. 

Airys Analysis for circularly polarized Light. 
— To distinguish right-handed from left-handed 
circularly polarized light, Mr. Airy contrived 
an analysis which suppresses the one and 
transmits the other. " It is well known," he 
observes, *' that if circularly polarized light is 
incident on Fresnel's rhomb it emerges plane 
polarized, and the position of the plane of pola- 
rization at emergence makes an angle of + 45° 
or— 45° with the plane of reflection, according 
as the incident light was right or left-handed. 
Let the light emerging from the rhomb be re- 
ceived on an unsilvered glass at the polarizing 
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angle, whose plane of reflection makes an angle 
of -f- 45° with that of the rhomb. Now it is 
plain that, if the light incident on the rhomb 
was right-handed it becomes plane-polarized in 
the plane of reflection of the glass, and there- 
fore is wholly reflected ; if it was left-handed, 
it becomes plane- polarized in the plane per- 
pendicular to the plane of reflection of the 
glass, and therefore is wholly suppressed." 

It is then obvious that this combination of 
Fresnel's rhomb and an unsilvered glass at + 45° 
or — 45° would form an analyzer for circularly 
polarized light. But as the rhomb is incon- 
venient on account of its length, Mr. Airy has 
substituted " a plate of mica of such thickness 
that the ray polarized in the plane of one of 
its principal sections is retarded either ^th, f ths, 
or |ths of a wave length (according to the con- 
venience of splitting) more than that polarized 
in the plane of the other." 

The mica being attached to the unsilvered 
glass, so that its principal section makes an 
angle of 45° with the plane of reflection, an 
analyzer is produced which answers the same 
purposes in general as that described above. 

On the wave hypothesis, in circular pola- 
rization the molecules vibrate or revolve uni- 
formly in circles, and the form of the wave is 

therefore that of a circular helix. 

I 
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But, apart from aU theoretical ideas, the 
name is an appropriate one ; for, unlike the 
rays of plane-polarized light, those of circular 
polarized-light have no distinction of sides^ or 
in other words no particular relations to certain 
regions of space, but present similar proper- 
ties on all sides. 

In this property also circularly polarized 
light agrees with common or unpolarized light, 
c/ but differ, from plane or rectilinearly polarized 

Ught. 

Analyzed by a doubly refracting prism of 
Iceland spar, a ray of circularly polarized light 
gives constantly two equal images^ in whatever 
plane the principal section of the prism be 
placed. For, as already stated, a ray of cir- 
cularly polarized light is the resultant of two 
rays whose vibrations are at right angles and 
differ by a quarter of an undulation: and, 
therefore it must give equal images of the 
doubly refracting prism, in the same way that 
common or unpolarized light does ; for the dif- 
ference of phases has nothing to do with this 
character. In this respect circularly polarized 
light agrees with common or unpolarized light, 
but is distinguished from plane-polarized light, 
which in certain positions (before specified) 
yields one image only. 

1. A ray of circularly polarized light is 
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capable of reflection from a plane glass in 
every azimuth of the plane of reflection ; for 
the circular vibrations of the ethereal mole- 
cules may be resolved into two equal rectilinear 
vibrations, one parallel, the other perpendicular, 
to any arbitrary plane. By this property, then, 
circularly polarized light difiers from plane, 
but agrees with unpolarized light. 

2. A ray of circularly polarized light is ca- 
pable of transmission through a plate of tour- 
maline in every azimuth ; for in this case also 
the circular vibrations resolve into two as 
before. One of these vibrations is transmitted 
by the tourmaline, the other suppressed. 

EllipticaUy polarized light is produced when 
two rectangular systems of waves of equal in- 
tensity differ by a fractional number of quarters 
of an undulation. The wave so formed is like 
an elliptical helix. 

There are several modes of procuring ellip- 
ticaUy polarized light If in Fresnel's rhomb, 
the angle between the planes of incidence 
and polarization be any other than 45% the 
emergent ray is ellipticaUy polarized. 

Airy's method of producing circularly po- 
larized light will give elliptical, if the mica plate 
be placed in an azimuth between that which 
yields circular and that which gives plane- 
polarized light. 

I 2 
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Compressed or unannealed glass also gives 
elliptical polarization by Dove's method. 

Plane-polarized light reflected from metals 
becomes elliptically polarized ; that from silver 
is almost circular^ that from galena almost plane. 

If elliptically polarized light be analyzed by 
the Nicol prism, &c., it never vanishes, though 
at alternate positions it becomes fainter ; and is 
thus distinguished both from plane and cir- 
cularly polarized light. — If analyzed by calc- 
spar, in like manner neither of the images 
vanishes, but they undergo changes in intensity. 

We have already shown that if two systems 
of waves of equal intensity, and polarized in 
rectangular planes, differ in their progress J of 
an undulation, the compound movement which 
they will communicate to each molecule, instead 
of being rectilinear^ as in the two fasciculi con- 
sidered separately, will be circular, and will be 
performed with uniform velocity. But if the 
difference of progress, instead of being an even 
or an uneven number of ^ths of undulations, 
be a fractional number, the vibratory move- 
ments will be neither rectilinear, nor circular, 
but elliptical. 

Here is an apparatus (Jiff. 39), contrived by 
Professor Wheatstone, which illustrates how 
two rectangularly polarized rays of light may 
influence each other. It consists of a series of 
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rods disposed horizontally in an undulated 
form, so as to represent a system of plane 
waves. One end of each rod is render con- 
spicuous by a white ball ; and it will be seen 
that, as now arranged, aU the balls (which re- 
present a line of etherial molecules) are in one 

Fig. 39. 






plane A. If now a block of wood B, cut so 
as to represent a system of plane waves of 

I 3 
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equal size to those represented by the rods, be 
pressed against the balls, so that the systems 
of waves act on each other in a rectangular 
direction, then, when the waves coincide, the 
plane in which the balls Ke changes, and 
becomes diagonal, as in C; whereas, if the 
block be so applied to the balls, that the two 
systems of waves do not coincide, then the 
balls no longer remain in one plane, but be- 
come placed in a helicoidal manner, represent- 
ing a circular or elliptical wave, as in D.* 

With these remarks I finish the theory of 
light, and have now arrived at the subject of 

Coloured Polarization* 

* It should be noticed that the apparatus of Prof. 
Wheatstone has far more extensive applications than 
those here described : but these are perhaps sufficient 
for the purposes here in view. — Ed. 
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COLOURED POLARIZATION. 

When an excessively thin film of a doubly 
refracting crystal is placed in the polariscope, 
that is, between the polarizing and analyzing 
plates, the most gorgeous colour or colours 
appear, and when the analyzer is rotated on its 
axis they change to complementary tints. If 
the film be of uniform thickness, the colour is 
uniform ; but if the film be of irregular thick- 
ness, different colours are peceived. 

In order to produce colour, it is necessary to 
use, first, di polarizer y as a tourmaline, a doubly 
refracting prism, or a refliecting plate ; secondly, 
dkjilm of a doubly refracting crystal, called the 
depolarizer ; and, thirdly, an analyzer or test, 
as a tourmaline, a reflecting plate, or a doubly 
refracting prism. 

The oflice of the polarizer is indicated by 

its name ; it polarizes the light Without this 

no colour is perceived, for a reason which will 

be hereafter explained. 

I 4 
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The use of the analyzer is to resolve the 
emergent light into two parts ; of which one is 
suppressed^ and the other, at least a definite 
portion of it, is wholly reflected to the eye. 

By the common analyzing plate (an unsil- 
vered glass reflector at the polarizing angle, or 
a plate of tourmaline, or a doubly refracting 
prism considered with reference to one pencil 
only) the emergent light is resolved (accord- 
ing to Fresnel's theory) into two sets of vibra- 
tions, one parallel to, and the other perpen- 
dicular to the plane of polarization of the 
analyzing plate : the former of these is wholly 
suppressed, and the latter is wholly transmitted 
to the eye. 

The doubly refracting film, called the depo- 
larizer, receives the light thus polarized, and 
doubly refracts it. That is, a system of waves, 
constituting the incident ray, entering the 
crystalline film, is resolved into two systems of 
equal intensities within it. These form respec- 
tively the ordinary and extraordinary rays 
(Jig. 40, O and E). They are polarized in 
planes -f 45° and— 45° to that of the incident 
system, so that the plane of polarization of the 
ordinary system forms angle of 90° with that 
of the extraordinary system. 

Now, the two systems of waves thus pro- 
duced traverse the crystal in different directions 
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and with different velocities ; but, as the film 
or plate is excessive thin, they emerge super- 
posed. One set proceeds through the crystal 
more slowly than the other ; or, in the language 
of a distinguished writer on this subject, one 
set lags behind the other ; so that at their emer- 
gence they are found to be in different phases 
of vibration. 

By the analyzer each of the two systems (O 
and E) is resolved into two other systems (Oo 
Oe and Ee Eo), so that now four systems or 
two pairs are produced. 

But the vibrations of these four systems are 
made in two planes : that is, two in one plane, 
and the other two in a second plane, which is 
rectangular to the first Now, as the two 
vibrations which are made in the same plane 
are not in the same phase (the one system 
having suffered a greater retardation than the 
other), the waves interfere and produce colour 
(if the incident light be white). But the two 
vibrations of the one plane conspire, while those 
of th6 other plane are opposed. Hence the tint 
or colour produced by the interference of the 
waves in one plane, is complementary to that 
produced in the other plane. So that if the 
analyzer be a doubly refracting prism, both com- 
plementary colours are seen by transmission; 
but if it be a reflector, one is reflected and the 
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other transmitted ; whereas, if it be a tourma- 
line, one is transmitted, while the other is 
suppressed, extinguished or stifled. 

Fig. 40. 
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Production of Complementary Tints. 

. A. A ray of common or unpolarized light incident 
on B. 

B. The polarizer (a plate of tourmaline). 

C. A ray of plane-polarized light incident on D. 

D. The doubly refraeting fihn or depolarizer. 

E. The extraordinary ray "I produced by the doable 
O. The ordinary ray. J refraction of the ray C. 

G. The analyzer (a doubly refracting prism). 

Ee. The extraordinary ray J ordinary ray E. 

Oo. The ordinary ray \ Produced by the double 
Oe. The extraorLaJy ray j ^^^^^^^ ^« -^' 

To render somewhat more intelligible the 
cause of the colours being complementary, and, 
therefore, to explain what is meant by the 
conspiration and opposition of vibrations, let us 
suppose the vibrations of the polarized light 
(C, fig. 40.) to be made in the plane C P, 
Jig. 41. ; and, to give more precision to our 
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ideas, let us fiirther suppose that the molecule 
C is, at a given instant, moving from C to- 
wards P. 

Fig. 41. 
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Eo<- 
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The doubly refracting film resolves this 
motion into two other motions, performed at 
right angles to each other, one in the direc-? 
tion C O, the other in the direction C E. The 
waves produced by the vibrations in the plane 
C O we shall suppose to constitute the ordi- 
nary system, while those in the plane C E 
form the extraordinary system. But the plate 
is much too thin to have produced between 
these two systems any sensible separation. 

Each of these motions is resolved by the 
analyzer into two others at right angles to 
each other. That is, the vibration C O, is re- 
solved into the vibrations O Oo and C Oe ; 
while the vibration C E is resolved into the 



124 ON THE POLARIZATION OF LIGHT. 

vibrations C Eo and C Ee. Now, it is ob- 
vious, that the two motions C Oo and C Eo 
act in the same direction, or, in other words, 
they conspire, or strengthen each other ; while 
the motions C Oe and C Ee, though performed 
in the same plane, oppose or destroy each 
other. 

By rotating the analyzer the reverse hap- 
pens : C Oo and C Eo oppose or destroy each 
other, while C Oe and C Ee conspire, or 
strengthen each other, as in Jig. 42. 

Thus, then, the original polarized ray (C, 
Jig. 40.) has been resolved into four rays, two 
polarized in one plane, and the "other two po- 
larized in a plane rectangular to this. The 
two rays which interfere and destroy each 
other differ by half an undulation. The co- 
Fig.42. lo^r produced by the interfer- 
00 ence of the conspiring rays cor- 
responds to the difference of the 
routes of the two polarized rays 
in the plate or film ; while that 
^° which results from the interfer- 
j^ Q ence of the opposing rays is that 
^ ! which is due to the same differ- 

ence augmented or diminished 
: by half an undulation. In the 
Eo case above noticed, in which 
C Oe and C Ee (Jig. 43.) are opposed, the 
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colour corresponds to the difference 'pluB half 
an undulation. * 

But it may be asked, What is the use of 
the polarizing plate ? What is the reason that 
no colour is perceived if the light which is 
incident on the double refracting film be com- 
mon or unpolarized ? To explain this, let us 
suppose that a ray of common or unpolarized 
light consists of two rays rectangularly pola- 
rized. Each of these rays will suffer the same 
series of divisions, subdivisions, and interfer- 
ences as the former; but the tints produced 
by the one ray will be complementary to those 
of the other ; so that we shall thus obtain two 
pairs of complementary tints ; and as the tints 
of each pair will emerge superposed, they will 
neutralize each other, and the resulting light 
will be of imiform whiteness. 
Thus, 

l8t PAIR OF 2d PAIR OP 
TINTS. TINTS. 

Suppose the two complementary tints 

produced by one ray to be - - Green and Red. 
Those produced by the second ray 

will be ----- Red " Green. 



And the sum of each pair will be - White. White. 

For red and green are complementary tints, 
and produce by their imion white light, as I 
have already demonstrated. 

The office of the doubly refracting film, 
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called the depolarizer, is to doubly refract the 
polarized light It prepares the rays for the 
changes which they have ultimately to undergo 
and by which colour is to be produced. The 
thickness of the film or crystalline plate deter- 
mines the tint; but the actual thickness re- 
quired to produce a given tint depends on the 
nature of the crystal. By this plate or film 
two rectangularly polarized systems of waves 
are produced, which traverse the plate in dif- 
ferent directions and with different velocities, 
and emerge in different phases of vibration. 
Now, as they are superposed, and as the retar- 
dation amounts only to a few undulations and 
parts of an undulation, it might be supposed 
that colour would be produced by their inter- 
ference. But I have already stated that two 
rectangularly polarized rays do not interfere, 
so as to produce colour. In order, therefore, 
to make them interfere, their planes of pola- 
rization must be made to coincide ; and to do 
this is the function of the analyzer. 

In order to assist us in comprehending how 
a polarized ray may be resolved into two others 
polarized in different 'planes, we may take, as 
an illustration, a stretched cord, fig. 43. A B,^ 
dividing at B into B C and BB, making a 
small angle with each other at B, and having 
equal or unequal tension. Let us suppose the 
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extremity A^ of the single cord to be made to 
vibrate regularly in either a horizontal or ver- 
tical plane; now, by means of two polished 
guiding planes, E F and G jff, inclined at dif- 
ferent angles to the horizon, and making a 
right angle with each other, the horizontal 
vibrations of the cord A B, will give rise to two 
Fig. 43. other vibrations, parallel 

respectively to F F and 
G H, And if we assume 
the two branches B Cand 
BD to be unequally tense, 
the waves produced by the 
vibration of A B will be 
propagated along them 
with unequal velocity. So 
that this illustration, which 
I have adopted from Sir 
John Herschel's able trea- 
tise on light, serves to ex- 
plain not only how a vibra- 
tion in one plane may be 
resolved into vibrations in two other planes, but 
also why the two resulting waves are propagated 
with unequal velocity. 

Though a thin plate of Iceland spar, or of 
any other doubly refracting crystal serves, 
when placed in the polariscope, for the pro- 
duction of colour ; yet certain crystals are pre- 
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ferable to others, on account of the facility 
with which they may be split into thin laminae. 
Selenite and mica are especially convenient for 
this purpose ; and the former of these is exten- 
sively employed by opticians in the prepara- 
tion of a variety of beautiful and ingenious 
polariscope illustrations. On this account a 
brief notice of it is requisite. 

Selenite, or sparry gypsuniy is the native 
crystallised hyd/rated sulphate of lime (Ca O. 
S O3 + 2 Aq.). It occurs imbedded in London 
clay. It is found also at Shotover Hill, near 
Oxford, where the labourers call it quarry 
glass, and likewise at the Isle of Sheppey. 
Very large crystals of it are found at Mont- 
martre, near Paris. The crystalline forms in 
which it occurs belong to the oblique rectan- 
gular prismatic system. Haiiy and the late 
Mr. William Phillips describe its primary form 
as a right oblique-angled prism ; so that the 
lateral faces of the crystal are regarded by 
them as the terminal planes. But the optical 
characters of the crystal prove the incorrect- 
ness of the description of these celebrated 
mineralogists: and here, I would observe, is 
an excellent illustration of the great value of 
polarized light to the crystallographer. In this 
particular instance it enables him to distinguish 
a lateral face from a terminal plane of a prism. 
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The crystals of selenite which are most fre- 
quently met with are oblique rectangular 
prisms, with ten rhomboidal faces, of which 
two are considerably larger than the others 
(Jig. ^^. A). They are very easily slit into thin 
laminae {a by Jig. 44. B), parallel to these larger 
lateral faces (terminal planes of Haiiy and W. 
PhilKps). 

Macles^ or hemitrope crystals of selenite, are 
very common. By hemitrope, a word derived 
from the Greek (from ^jow half, and rpiTrco I 
turn), is meant a figure produced by cutting 
the primary crystal in two, causing one of the 
fragments to make half a revolution, and then 
uniting the sides actually in contact. The 
most singular and common hemitrope variety 
of selenite is that called arrow-headed selenite 
{Jig. 44.* C), and which is so called because 
the crystal is formed like the barbed head of 
an arrow. Its nature may be easily explained. 
Cut a card or thin board in a rhomboidal 
form to represent one of the laminas taken 
from lateral faces of the prism {Jig. 44. D). 
Then divide it in the direction of its greater 
diagonal {a 6), and transpose the separated 
parts in such a manner, that two of the alter- 
nate angles, produced by the diagonal division, 
shall make the point, the other two the barbs, 
of the arrow-head, 

K 
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The optical structure of films or thin plates 
of selenite, having a thickness of from ^th to 
the s'ijth of an inch, is very curious. In two 

rectangular directions they allovr perpendicular 
Fig. 44. SeleniU. 




rays of polarized light to traverse them un- 
changed : these directions are called the neutral 
axes. In two other directions, however, which 
form respectively angles of 45° with the neutral 
axes, these films have the property of double 
refraction. These directions are usually deno- 
minated depolarising axes ; but they might he 
more correctly termed doubly refracting axes. 

In order to render these properties more 
intelligible, suppose the structure of the film 
to be that represented hyjig. 45., in which the 
film is seen to be crossed by two series of l^ht 
lines, or passages, the one perpendicular to the 
other. These are to represent the neutral 
axes. We may imagine, that in these direc- 
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tioDS only can tte ethereal molecules vibrate. 
A ray of incident polarized light whose \-ibra- 
tions coincide with either of these lines is 
transmitted through the film unchanged. But 
a ray of incident polarized light whose vibra- 
tions form an angle of 45° with these lines, or, 
in other words, which coincide with the dia- 
gonals of the square spaces, suffers double re- 
fraction ; that is, it is resolved into two vibra- 
tions, one parallel with a h, the other parallel 

Fig. i5. Imaginary Strvcture of a Plate of Selenile. 
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with c d, and, therefore, the directions of the 
diagonals of the squares are called the doubly 
refracting or depolarizing axes. But the two 
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resulting vibrations are not propagated, in these 
two rectangular directions, with equal velocity, 
the one suffering greater retardation than the 
other ; so that the waves, at their emergence, 
are in different phases of vibration, though 
they do not interfere so as to produce colour, 
because their planes of vibration are rectan- 
gular. By the analyzer, however, their planes 
are made to coincide, and colour is produced ; 
and, on rotating the analyzer on its axis, the 
colour changes and becomes complementary. 

To illustrate these statements, place a film 
of selenite, of uniform thickness, in the polari- 
scope. On rotating the film (the analyzer and 
and polarizer remaining still), a brilliant colour 
is perceived at every quadrant of a circle, but 
in intermediate positions it vanishes altogether. 
We observe, however, that the tint does not 
change, but only varies in intensity. If, now, 
the film be fixed and the analyzer rotated, we 
also observe colour at every quadrant of a 
revolution ; but the tint changes and becomes 
complementary at every quadrant — the same 
tint reappearing at every half-revolution : so 
that when the film alone is revolved one colour 
only is seen, but when the analyzer alone is 
revolved, two colours are seen. 

If we employ, as the analyzer, a double re- 
fracting prism, we observe two complementary 
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disks of colour, and these may be made to cross 
and produce white light, as before shown. 

Effect of revolving the Film of Selenite, 
I'ig. 4t). 

,^- .p. Dip. Axis ^^ 

^ "q-. ColoHr CT 
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^ Colour ^^ .^ 
"^ ^° Dep, AxU ^ ^ 

Effect of revolving the Analyzer. 
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The thickness of the film of selenite deter- 
mines the particular tint. If, therefore, we 
use a film of irregular thickness, different co- 
lours are presented by different thicknesses. 

A wedge-shaped piece will produce parallel 

x3 
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bands of colours, and two wedges crossed pre- 
eent diagonal bands. A plano-concave film, 
as well as a plano-convex film, gives concentric 
rings of colour, the former with a black, the 
latter with a white, centre. 

Fig. i7. 





PlaleofSeleniteof 
tm^orttt thichnest. 

Two filma superposed do not give the colour 
which would arise from the mixture of the two 
colours, hut either the colour which corresponds 
to the joint thickness of the films, oi that which 
belongs to the difference of their thickness. 
"When the two films are put together, as they 
lie in the crystal, the resulting colour depends 
on the sum of the thicknesses. But when the 
two films are crossed, so that similar lines in 
tlie one are at right angles to similar lines in 
the other, the resulting tint depends on the dif- 
ference of the thicknesses. These facts admit 
of very beautiful, curious, and interesting illus- 
trations. Thin films of selenite of uniform 
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thickness are eo arranged as to slide over 
figures also formed of films of selenite. The 
changes of colour effected in the tints are most 
striking, and to unpUlosophical minds almost 
magical. 

Fig. IS. 




In the opticians' shops are met with a great 
variety of devices prepared with films of se- 
lenite of different thicknesses, and which con- 
stitute philosophical toys illustrative of the 
F^. 49. 

Xaertia Plale, 




before-mentioned facts. Gothic windows, stars, 
flowers, fruiti, animals (butterflies, parrots, dol- 
phins and chameleons), and theatrical figures 
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(Jim Crow, harlequin, &c.), are some of the 
ingenious, and often laughable illustrations 
contrived by Mr, Darker. 

For illustration take the Maltese cross {see fig. 
49.), All four arms are of the same thickness of 
selenite ; but two only are placed in the same 
crystallographical position, the other two be- 
ing in a perpendicular position. The tints of 
all four arms are alike ; the centre piece 6 is 
a different thickness. 

If, now, the selenite plate (5) be superposed 
on the cross, the results will be as follows : — 
The colours of 2 and 4 will be the sum of the 
thickness of 2 + 5 and 4 + 5, because the 
crystaUographical position of 2, 4, and 5 cc 
incide. 

But the colours of 1 and S will be the differ^ 
ence of the thickness of 1 — 5 and 3 — 5 ; be- 
cause the crystallographical position of 5 is at 
right angles to both 1 and 3. 

If now the film 5 be reversed, the effects are 
all reversed. 

Test of Double Refraction. — From the pre- 
ceding statements, then, it appears that ihe 
polariscope becomes a very delicate test of 
double refraction. A very large number of 
crystalline, and other bodies, possess a doubly 
refractive property ; but comparatively few of 
these have it in so high a degree as to present. 
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under ordinary circumstences, Ae phenomenon 
of double images ; that is^ the separation of the 
two systems of ethereal waves is not, in general, 
sufficiently great to be visible to the eye. In 
such cases, therefore, the polariscope is of great 
value, since it enables us to detect the slightest 
degree of double refraction. Some doubly re- 
fracting bodies present, in the polariscope, most 
gorgeous colours, as selenite. Others, how- 
ever, which possess the doubly refractive pro- 
perty in a much lighter degree, require the aid 
of a thin film of selenite of uniform thickness. 
Their double refractive property then becomes 
evident by the change which they induce in 
the colour of the film. Without this, we see 
light or dark fringes or bands, or black or white 
crosses, but not colour. 

A correspondent of the author has communi- 
cated some curious observations on polarized 
tints developed under the following circum- 
stances : — He states that a great variety of bodies 
produce colour when placed over selenite in 
the polarizing microscope, provided a biaxial 
prism of moderate separating power be used 
instead of the Nicol prism or tourmaline in an 
analyzer. 

** Thus air bubbles in the balsam, scales of 
insects, sections of wood, pieces of seaweed, 
&c., which produce no colours under ordinary 
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circumstances are by this plan coloured in thd 
most gorgeous style possible ; of course, if the 
object be small, two separate images are seen^ 
one red, the other green (or other tints de- 
pendent on the selenite), Animalculae floating 
in water are very interesting objects." 

The field is white in the centre with a 
lunated edge of red on the one side and green 
on the other. 

The peculiarity is, Why are not colours pro- 
duced by the same object, when the tourma- 
line or Nicol prism analyzer is used ? This dis- 
tinction does not seem to be explained. 

Cause of Double Bef ruction. — Being now in 
possession of an exceedingly delicate test of 
double refraction, we are prepared to enter 
into an inquiry into the cause of this property. 

Now, we shall find that every body endowed 
with equal elasticity in every direction, is a 
single refractor. Alter its elasticity in any 
one direction, put it in a state of unequal ten- 
sion, and immediately it acquires the property 
of double refraction. Hence, then, double re- 
fraction may be temporarily or permanently 
communicated to bodies, by temporarily or 
permanently disturbing the equality of their 
elasticity in difierent directions. 

1. Pressure produces Double Refraction. — 
In fluids (gases and liquids) pressure is equally 



DOUBLE REFRACTION. 139 

distributed in all directions, which is obviously 
owing to the facility with which the molecules 
shift their places. Hence pressure on fluids 
does not communicate to them the power of 
double refraction. 

In solids, however, matters are far otherwise. 
Owing to cohesion, the molecules cannot change 
their relative positions ; and, therefore, in this 
form of matter unequal degrees of tension may 
exist in difierent directions: so that pressure 
may be communicated in any desired direction 
without being equally or uniformly distributed. 

Now, a transparent solid, as a well-annealed 
piece of glass, all of whose parts possess equal 
elasticity, is a single refractor ; but if we sub- 
ject such a body to the influence of a compress- 
ing force, it becomes a double refractor, and 
acquires neutral and doubly refracting (depo- 
larizing) axes ; the former parallel and perpen- 
dicular to the direction of pressure, the latter 
45° inclined to them. 

Let us consider for a moment what must be 
the effect of pressure in any given direction. 
Suppose a rectangular piece of glass {fig. 50.) 
to be subjected to pressure in the direction 
A B, the immediate effect will be to urge 
the contiguous particles nearer together in this 
direction, and thereby to call into action their 
repulsive forces. But it will also urge the 
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particles asunder in the direction C D, that 
is, in a direction perpendicular to that of the 
pressure, and thereby to call into operation 
their attractive forces. Thus, then, it is ob* 
vious, that a force which, when applied to a 
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solid, causes a conden- 
sation in the direction 
of the force (A B), is 
attended with dilatation 
or expansion in a direo* 
tion perpendicular to it 
(C D). In the first 
direction the elasticity 
is a maximum, in the 
second direction it is a 
minimum. Incident light polarized in a plane 
parallel with either of these directions passes 
through unchanged, and these directions are 
called the neutral axes. But if it be polarized 
in a plane inclined 45° to either of these direc- 
tions (that is, in the direction E F or G H), it 
is resolved into two systems of waves, one 
polarized in the direction A B, the other in 
the direction C D. The directions E F and 
G H are, therefore, the doubly refracting or 
depolarizing axes. But the system polarized 
in the plane A B, will proceed more slowly 
(owing to the maximum elasticity in that direc- 
tion) than the system C D (which is polarized 
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in the direction of the minimum elasticity), f 
Hence, at their emergence, the two systems of 
waves are in different phases of vibration, but 
they do not interfere so as to produce colours, 
owing to the plane of vibration of the one 
being rectangular or perpendicular to that of 
the other. When, however, we apply the 
analyzer, and restore these two rectangular 
planes to a common plane, interference takes 
place and colour results. 

Let us now take the case of a flexed body. 
When I bend a cane or other solid, the convex 
surface is in a state of expansion or dilatation, 
while the concave surface is compressed. The 
molecules on the convex surface are urged 
asunder, and their attractive forces called into 
operation, while those on the concave surface 
are pressed together, and their repulsive forces 
brought into action. Between these two oppo- 
sitely affected surfaces there is a neutral line, 
where equilibrium exists, and on both sides of 
this the degree of strain augments as we recede 
from the line. Now, if a well annealed, and, 
therefore, single refracting, plate of glass be 
bent, and examined while in the polariscope, it 
will be found to have acquired, while in the 
bent state, double refracting properties. Two 
sets of coloured fringes are perceived, one on 
the convex or dilated side of the plate, and 
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the other on the concave or compressed side. 
Between these two sets of fringes is a black 
line, indicating the situation where neither 
compression nor dilatation exists, and where, 
therefore, double refraction is absent. 

Thus, then, the polariscope becomes a valu- 
able means of detecting the existence of un- 
equal tension or strains in transparent bodies, 
and Sir D, Brewster has suggested its useful 
application to the determination of the inten- 
sity and direction of all the forces which are 
excited by a superincumbent load in different 
parts of the arch, as also the intensity and 
direction of the compressing and dilating forces 
which are excited in loaded framings of car- 
pentry. For these purposes, models in glass 
or copal are to be prepared, and the effects are 
rendered visible by exposing the models to 
polarized light. He has likewise constructed 
a chromatic dynamometer for measuring the in- 
tensities of forces, founded on the facts already 
stated. It consists of a bundle of narrow and 
thick plates of glass, fixed at each end in brass 
caps. Then vrhen any force is applied to a 
ring in the middle of the plates, the ends being 
fixed, the plates of glass will be bent, and the 
force thus produced is measured by the tints 
that appear on each side of the black line. 
By the gradual induration, as w^ell as by 
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the mechanical compression and dilatation of 
animal jellies, fringes may be produced, as in 
glass. 

2, Unequal heating causes Double Refraction, 
— When heat is applied to bodies it causes them 
to expand or dilate. If the substance to which 
the heat is applied be a bad conductor, the 
part in contact with the heated body becomes 
hot, and expands before heat is communicated 
to the neighbouring parts. Hence the bad 
conductor endeavours to curve, just as when 
we heat a compound bar of iron and brass a 
curvature is induced, owing to the unequal ex- 
pansive power of these two metals ; and as the 
brass expands more than the iron, the latter 
forms the inner or concave side of the curved 
bar, while the brass forms the outer or convex 
side. On this principle is constructed the 
compensation balance of a watch. 

Glass is a bad conductor of caloric, and when 
a heated body is applied to it, the part in contact 
with this becoming hot, expands, but owing to 
the bad conducting quality of the medium, the 
surrounding parts not being influenced by the 
heat, do not expand, but resist the dilatation 
of the heated portion. In this way, therefore, 
the immediate effect of heat on one part of a 
piece of glass is to put all the surrounding 
parts into a strained state; one partis expand- 



144 ON THE POLARIZATION OF LIGHT. 

ing, and other parts are resisting the dilatation. 
When the difference of temperature is extreme, 
the violence of the strain is such that very 
thick pieces of glass are sometimes rent asunder. 
It is very desirable that we should be ac- 
quainted with the precise mechanical condition 
of the glass thus partially subjected to caloric. 
A knowledge of this would greatly assist us in 
comprehending the optical phenomena. But 
the subject is replete with difficulties. Per- 
haps some assistance may be obtained from the 
following considerations : — 

Fig. 51. , ^ K n 

^ B be a rectangular plate of 

glass^ subjected to heat 
along its edge. A B. 
This portion of the glass 
being heated, tends to 



Compressed. 

^* n 

Ij e. Dilated. /. |§ 

IQ ^1 

y p. 

Compressed. 



expand ; but on account 
of its connection with other portions of the 
glass, cannot do so without forcing these to par- 
ticipate in its augmented bulk. These, however, 
owing to the bad conducting power of the 
glass, retain their original temperature, and 
consequently refuse to expand, so that the 
stratum is subjected to compression ; that is, it 
is prevented from acquiring that volume which 
is natural to it in this heated state. The cen- 
tral stratum e/ is in a state of dilatation or 
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expansion, owing to its particles being urged 
asunder by the tendency of the upper stratum, 
A -S, to expand. The resistance offered to the 
expansion by « / tends to produce pressure 
on the lower stratum C Z>, the particles of 
which will be urged together. This lower 
stratum C 2), like the upper one A B^ will 
then be in a state of compression. As the 
tension of ^ / is sustained zX A B and C Z), it 
will tend to send inwards the lateral columns 
A C and B JD, dilating them at the convex 
portion of the bend, and compressing them at 
the concave portion. By these strains, there- 
fore, the rectangular plate of glass will assume 
a figure concave on all its edges. 

It is obvious then, from the unequal states 
of tension of th© different parts of a piece of 
glass thus partially heated, that it ought to 
acquire doubly refracting properties, and the 
polariscope shows that it does so. In this 
state the glass exhibits distinct neutral and 
doubly refracting {depolarizing) axes, the neu- 
tral ones being parallel and perpendicular to 
the direction in which the heat is propagated. 
The black fiinges, sometimes called lines of no 
polarization, indicate the neutral axes, or those 
portions of the glass which are destitute of the 
property of double refraction. 

It deserves especial notice that fringes make 
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their appearance in the part of the glass most 
distant from the heated body, before they have 
received any sensible accession of heat, and 
which, therefore, must depend on the state of 
strain into which they are thrown by the effect 
of the heat on the other parts of the mass, in 
the way I have already endeavoured to explain. 

Sir D. Brewster has suggested the construc- 
tion of two kinds of chromatic thermometers , 
for measuring changes of temperature by the 
production of coloured fringes, exhibited by 
glass plates when exposed to heat ; for ** every 
tint in the scale of colours has a corresponding 
numerical value, which becomes a correct mea- 
sure of the temperature of the fluid," In the 
one instrument, the tints originate immediately 
from the changes of temperature ; in the other, 
they are produced by the difference of pres- 
sures upon the glass, occasioned by the differ- 
ence of expansions arising from changes of tem- 
perature. I must refer you to his paper in the 
Philosophical Transactions ion 1816, for details 
respecting them. 

3, Unequal cooling causes Double Refraction. 
— If a piece of hot glass of uniform tempera- 
ture be unequally cooled, as by placing one of 
its edges on a cold mass of iron, it acquires 
doubly refracting properties, and when examined, 
by polarized light presents fringes, &c., simi- 
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lar to those observed in glass unequally heated. 
It is obvious, however, that as the physical con- 
dition produced by cold is diametrically oppo- 
site to that caused by heat, so the structure of 
the corresponding parts of the two glasses (the 
one which has been cooled, and the other which 
has been heated) must be opposite, 

4, Unannealed Glass is a Double Refractor. 
— If glass be suddenly cooled after having been 
melted, it possesses certain remarkable proper- 
ties, which unfit it for ordinary use. Sometimes 
it splits or flies to pieces in the act of cooling ; 
or if it fail to do this, a very moderate change of 
temperature, a slight external force, a scratch, 
or a slight fracture, is sufficient to cause it to 
crack and fly to pieces. The glass tears called 
Rupert's drops, or hand-crackers^ and the 
proofs, or philosophical phials, are familiar 
illustrations of this kind of glass. In order to 
prevent it acquiring this remarkable condition, 
glass, after being fashioned, is submitted to the 
process called annealing, that is to very slow 
cooling in the annealing oven or lier. Glass 
which has undergone this process is said to be 
annealed, while that which has not is termed 
unannealed. But the so-called unannealed ' 
glasses sold by the opticians are in fact annealed 
glasses, which have been reheated until they 
begin to soften, then cooled by placing them on 
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the ashes beneath the furnace, and afterwards 
ground and polished. 

The optical properties of unannealed glass 
are very remarkable. To comprehend them 
let us consider the mechanical condition of the 
glass. When a mass of red-hot and soft glass 
is exposed to a cool air, its external portion 
becomes cold and rigid, while the inner parts 
are still hot and soft. After a short time, how- 
ever, the latter solidify and cool, but are pre- 
vented from contracting themselves into the 
smaller bulk which is natural to them in their 
cooled state, by the rigid crust, which acts like 
an arch or vault, and keeps them distended, 
but which is to a certain extent strained and 
drawn somewhat inwards by the tension exer- 
cised on it by the internal parts. It is obvious, 
then, that the different parts of a mass of un- 
annealed glass are unequally and differently 
strained ; the internal being in a state of dis- 
tention or dilatation, the external in that of 
compression. So that the state of the different 
parts, and the distribution of the forces, will be 
almost exactly similar to those already de- 
scribed, in the case of annealed glass which has 
been unequally heated. ** The analogy between 
the cases," says Sir John Herschel, " would be 
complete, if, instead of supposing the an- 
nealed plate heated at one edge only, the heat 
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were applied to all the four simultaneously, by 
surrounding it with a frame of hot-iron." 

There is one very important point in reference 
to these unannealed glasses, to which I must 
beg your attention ; I refer now to the circum- 
stance that in them, the polarizing (doubly 
refracting) structure depends entirely on the 
external form of the glass plate, and on the 
mode of aggregation of its particles. This will 
be very obvious by observing the different 
shapes of the fringes respectively presented by 
square, circular, oval, rectangular, and other 
shaped plates. The circular and square plates 
have only one axis of [no] double refraction ; 
whereas the oval and rectangular plates have 
two axes. By dividing and subdividing these 
plates the doubly refractive property is not only 
greatly diminished, but sometimes even de- 
stroyed, if the portion be very small. Moreover, 
it is distributed in a new manner, according to 
the shape of the fragment. The dissected un- 
annealed glasses, sold in the opticians' shops, 
beautifully illustrate the dependence of the 
form of the coloured fringes on the external 
shape of the glass. Thus the pattern pro- 
duced by one circular piece of unannealed 
glass, is very different to that of a circle formed 
by joining four segments. See Jig. 52. 

In these particulars the unannealed plates 
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of glass differ very widely from doubly refract- 
ing crystals. The fringes and colours pre- 
sented by the latter are unaltered by the 

F^. 52. 





changes we may effect in the external form of 
the crystal, the smallest fragment producing 
the same system of fringes as the largest ; and, 
provided the thickness remains the same, the 
polarizing force suffers no diminution by the 
reduction in size. 

We are then constrained to infer that the 
optical properties of crystals are those of their 
integrant molecules ; while those of the unan-* 
nealed glasses depend on the mode of arrange- 
ment of the molecules, and on the external 
form of the mass. 

The effects produced by superposing simi- 
larly shaped pieces of unannealed glass are 
striking, and, at first, surprising ; but, on con- 
sideration, may be easily understood. If they 
be symmetrically superposedi similar points 
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being laid together, the tints will be equal to 
die sum of the separate tints : but, if super- 
posed crosswise, the resulting tints will be the 
dijBference of the separate tints. This may be 
conveniently shown by causing an unannealed 
glass bar to rotate in front of another unan- 
nealed bar. 

Applications. — These facts respecting the 
properties of unannealed or imperfectly an- 
nealed glasses, admit of some valuable practical 
applications. To the optician it is of the 
highest importance that the glass, of which 
lenses and prisms are made, should possess 
uniform density, and be free from all defects 
arising from irregularities in the annealing pro- 
cess. To detect these the glass should be care- 
fully examined by polarized light previous to 
being ground and polished ; and by this agent 
the slightest defects are made appreciable. 

So also glass vessels employed for domestic 
purposes may be advantageously tested by the 
same agent. The facility with which tum- 
blers, &c., crack, sometimes spontaneously, at 
other times while in the hands of the glass- 
cutter, or when warm water is poured into 
them, or when exposed to a slight blow, de- 
pends on some imperfection in the annealing 
process. Hence, also, the reason why run 
glass (that is, glass made without paying the 
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duty) is very apt to crack ; for, owing to the 
rapidity with which all the stages of its manu- 
facture have been hurried on, it is not well 
made, and sufficient time has not been allowed 
for the annealing process. 

It is probable, also, that manufacturers, or 
rather the mounters of electrical machines, 
might beneficially avail themselves of polarized 
light in the selection of glass cylinders and plates. 
Recently made cylinders, when mounted, will 
sometimes crack, or fly, as it is termed, with- 
out any obvious agency; owing, I presume, to 
some defect in the annealing process, which, 
perhaps, might have been previously discovered 
by means of polarized lightc 

An argument in favour of the vegetable 
origin of the diamond has been founded by Sir 
D. Brewster, on the phenomena presented by 
this substance, when examined by means of 
polarized light. It is well known that various 
opinions have been held by different writers 
on the mode of formation of this mineral. All 
of them, however, may be included under two 
divisions : those which assume the diamond to 
be the direct produce of heat on carbonic acid 
or carbon, and those which ascribe it to the 
slow decomposition of plants. Sir D. Brew- 
ster, who adopts the latter notion, met with a 
diamond which contained a globule of air, 
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while the surrounding substance of the diamond 
had a polarizing (doubly refracting) structure, 
displayed by four sectors of polarized light en- 
circhng the globule. He, therefore, inferred that 
this air-bubble had been heated, and by expan- 
sion had produced pressure on the surrounding 
parts of the diamond, and thereby communi- 
cated to them a polarizing structure. Now, for 
this to have happened, the diamond must have 
been soft and susceptible of compression. But 
as various circumstances contribute to prove 
that this softness was the effect of neither sol- 
vents nor heat, he concluded that the diamond 
must have been formed, like amber, by the con- 
solidation of vegetable matter, which gradually 
acquired a crystalline form by the influence of 
time and the slow action of corpuscular forces. 
Starch grains have a laminated texture, and 
possess a doubly refractive power. They are 
composed of concentric layers of amylaceous 
matter. On some part of the surface of each 
grain is a circular spot, called the hilum. This 
appears to be an aperture or transverse section 
of the tube or passage leading into the interior 
of the grain, and by which the amylaceous 
matter, forming the internal laminae, was con- 
veyed. On examining the grains by the polar- 
izing microscope, unequivocal evidence of their 
doubly refractive power may be obtained. At 
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least I have found this to be the case in all the 
starches which 1 have yet examined, viz., tous 
les mois, potato-starch , West Indian artow-root, 
sago-meal, Tahiti arrow-root (obtained from a 
species of Tacca), tapioca-meal, East 'Indian 
arrow-root {Curcuma angusti/olia), wheat- 
starcb, Portland arrow-root {Arum maculatum), 
and rice-starch. The larger grained starches 
form splendid objects for the polarizing micro- 
scope ; tous les mois being the lai^est may be 
taken as the type of the others. It presents a 
black cross, the arms of which meet at the 
bilum. On rotating the analyzer the black cross 
disappears, and at 90° is replaced by a white 
A. Fig. 53. B. 




Oratns of Tous les Mois meired hy the Polarising 
Microtcope A repreaenta the appearance when the 
pluneg of polarization of the polarizer and analyzer are 
at light angles to each other , B when they coincide, 
cross ; another, but much fainter black cross, 
being perceived between the arms of the white 
cross. Hitherto, however, no colour is per- 
ceptible. But if a thin plate of selentte be 



COLOURED POLARIZATION. 155 

interposed between the starch grains and the 
polarizer, most splendid and gorgeous colours 
make their appearance. The arms of the cross 
acquire the colour which the selenite plate 
yields in polarized light. The four spaces 
between the arms also appear coloured; but 
their tint is different to that of the cross. The 
colours of the first and the third spaces are 
identical, but different to those of the second 
and fourth, both of which have the same tint. 
At the point where the colours of the arms and 
of the interspaces meet, the tints blend. All 
the colours change by revolving the analyzer ; 
and become complementary at every 90°. If 
grains of Canna edulis be heated they lose their 
cross and polarizing structure. 

The appearances presented by potato-starch 
are similar to those of tous les mois. Several 
other starches (as West Indian arrow-root, 
sago-meal, Tahiti arrow-root, tapioca-meal, 
and East Indian arrow-root) present black and 
white crosses, and, when a selenite plate is used, 
also colours ; but in proportion as the grains are 
small, are their appearances less distinct. I have 
not hitherto detected the black and white 
crosses in wheat-starch, Portland arrow-root, 
and rice-starch. Their double refractive power, 
however, is proved by the change they effect in 
the colour yielded by a plate of selenite. 
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A great variety of animal structures possess 
a doubly refracting or depolarizing structure, 
as a quill cut and laid out flat on glass, the 
cornea of a sheep's eye, a piece of bladder, 
gold-beaters* skin, human hair, a slice of a toe 
or finger nail, sections of bones, of teeth, &c. 
The crystalline lenses of animals also possess 
this property in a high degree, owing to their 
central portion being denser and firmer than the 
external portion. If the lens of a cod-fish be 
placed in a glass trough of oil or Canada balsam, 
it presents twelve luminous sectors separated 
from each other by a black cross. Even living 
animals present double refracting properties. 
The aquatic larvae of a gnat, commonly called 
skeleton larvce, form a very amusing exhibition. 
They are to be placed in water in a very narrow 
water-trough. In certain positions they give 
no evidence of double refraction, but in others, 
and especially when they are exerting much 
muscular energy, they possess it in a very 
marked degree. 
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LECTURE m. 

DOUBLE REFRACTIVE AND OTHER ALLIED 
PROPERTIES OF CRYSTALS. 

In my last lecture I explained the nature and 
cause of double refraction ; and I now proceed 
to examine the double refractive property of 

crystals, and to show how this is connected with, 
or related to, other properties of crystalline 
substances. 

1. Double Refraction of Crystals, — Every 
transparent crystalline body refracts the rays of 
light which are incident on it at oblique angles ; 
and the degree of its refractive power depends 
on two circumstances, viz., the angle of inci- 
dence, and the nature of the crystalline sub- 
stance. In these respects crystals agree with 
all other transparent media. 

But a very large number of crystals possess 
the property of double refraction ; and they are, 
therefore, called doubly refracting crystals^ to 
distinguish them from others which have not 
this property, and which are denominated 
singly refracting crystals. 
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The double refraction of some crystals is 
immediately manifested by the production of 
duplicate images ; either through two parallel 
surfaces, as Iceland spar, or through two sur- 
faces which are more or less inclined on each 
other. Thus, to observe the double refraction 
of a crystal of quartz, it is necessary to look 
through a pyramidal and lateral plane at the 
same time. By this contrivance the surface of 
emersion is inclined to that of admission, which 
causes the two pencils to emerge at different 
inclinations, and so become further separated as 
they proceed. 

Many crystals, however, possess the property 
of double refraction in so feeble a degree that 
it is impossible to see, under ordinary circum- 
stances, two images ; and in such cases we are 
constrained to employ the polariscope to detect 
this property. 

In every doubly refracting crystal there are 
one or more positions or directions in which the 
two images become superposed; or, in other 
words, in which no double refraction exists or 
is evident. These directions are called the 
optic axes or the axes of double refraction. I 
have already stated that the phrase axes of no 
double refraction would be more intelligible. 
These axes may be regarded as positions of 
equilibrium where certain forces, which exist 
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within the crystal and act in opposition, balance 
each other. In crystals of certain forms they 
coincide with the geometrical or crystallogra- 
phical axes, whereas in crystals of other shapes 
they do not; but to these points I shall again 
have to beg your attention. 

If we consider doubly refracting crystals in 
regard to the number of their optic axes we 
may divide them into two orders ; one includ- 
ing those that possess only one axis, and an- 
other comprehending such as have two axes. 
The first are called uniaxial, the second biaxial 
crystals. As this distinction is connected with 
other remarkable optical peculiarities, as well 
as with the geometric and thermotic properties 
of crystals, it wiU be necessary to notice it a 
little more in detail. 

a. Uniaxial Crystals. — Those crystals which 
have only one axis of [no] double refraction, 
and wliich, in consequence, are termed uniaxial 
crystals^ or crystals with one optic axis, belong 
to the square prismatic or rhombohedric sys- 
tems. In them the geometric or crystallo- 
graphic axis is coincident with the optical one ; 
that is, the line or direction in the crystal, 
around which the figure is symmetrically dis- 
posed, or about which everything occurs in a 
similar manner on all sides, is coincident with 
the optic axis, or the axis around which the 
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optical phenomena are the same in all direc- 
tions. You must not, however, suppose that 
the axis is a single line ; for there must be as 
many axes as there may be lines parallel to 
each other, so that the word is merely synonym 
mous with a fixed direction. 

In all other directions but the one called 
the optic axis, these crystals doubly refract; 
and of the two rays thus produced, one follows 
the ordinary laws of simple refraction, and is 
accordingly called the ordinary ray^ while the 
other, being subject to an extraordinary law, 
is denominated the extraordinary ray. 

These two rays advance with unequal de- 
grees of velocity; the one suffering greater 
retardation than the other. When the ordi- 
nary Tdiy advances more rapidly than the ex- 
traordinary one, the crystal is said to have a 
negative or repulsive axis of [wo] double refrac' 
tion ; but when the ordinary ray advances less 
rapidly, the crystal is said to possess a positive 
or attractive axis. In other words, when the 
extraordinary ray is refracted towards the axis, 
the crystal is said to have a positive axis ; but 
when the ray is refracted from the axis, the 
crystal is said to have a negative axis. These 
terms are not very expressive of the property 
they are intended to represent. Biot used the 
terms attractive and repulsive to designate the 
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attractive or repulsive forces which he sup- 
posed to emanate from the axes of crystals. 
For it is obvious that if the extraordinary ray 
be most retarded, it will be refracted from the 
axis, that is, it will appear to be repelled by a 
force emanating from the axis ; whereas, if it 
be the least retarded, it will be refracted to- 
wards the axis, or will appear to be attracted 
by a force emanating from the axis. Now it 
was to obviate the hypothesis which these 
terms involve, that Brewster substituted the 
words positive and negative for the terms at- 
tractive and repulsive, merely meaning to de- 
note by them the opposition, but not the 
nature, of the forces. 

Table of Uniaxial Crystals. 

Negative ( — ) or repulsive Crystals. Positive {+) or attractive Crystals. 
(Extraordinary ray most retarded.) (Ordinary ray most retarded.) 

Iceland Spar. Zircon. 

Tourmaline. Quartz. 

Nitrate of Soda. Oxide of Tin. 

Bicyanide of Mercury. Ice. 

In uniaxial crystals the position of the optic 
axis is constant, whatever be the colour of the 
light; whereas in biaxial crystals this is not 
the case, as I shall presently show. 

b. Of Biaxial Crystals. — A very large num- 
ber of crystals, including all which belong to 
the right-rhombic prismatic, oblique prismatic, 
and doubly oblique systems, have two axes of 
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double refraction, which are more or less in- 
clined to each other. Such crystals are, in 
consequence, denominated biaxial crystals, or 
crystals with two optic axes. In them there is 
no single line or axis around which the figure 
is symmetrical, as in uniaxial crystals ; and the 
optic axes do not always, or even frequently, 
coincide with any fixed line in the crystals. 
Now this fact has led Sir D. Brewster to be- 
lieve that the optic axes are not the real axes 
of the crystals, but only the resultants of the 
real or polarising axes, or lines, in which the 
opposite actions of the two real axes compensate 
each other. Hence he terms them the resultant 
axes, or axes of no polarization, or of compensa- 
tion. 

The following is a list of a few biaxial crys- 
tals ; and for a more extensive one I must refer 
my auditors to Sir D. Brewster's works : 

Table of Biaxial Crystals. 



Glauberite - 




Character of 
Principal Axes.*^ 

- Negative 


Inclination qf 
Resultant Axes. 

- 2° or 3° 


Nitrate of Potash 


- Negative 


- 5° 20' 


Carbonate of Lead 


- Negative 


- 10° 35' 


Arragonite - 


- 


- Negative 

- Positive 


- 18° 18' 


Borax 


- 


- 28° 42' 


Sugar 
Selenite 


- 


- Negative - 

- Positive 


- 50° 

- 60° 


Rochelle Salt 


- 


- Positive 


- 80° 



* The principal axis is, according to Sir D. Brewster, 
the middle point between the two nearest poles of no 
polarization. — Phil, Trans,, 1818. 
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Of the two rays produced by the double 
refraction of biaxial crystals, neither can be 
strictly denominated the ordinary one, since 
neither of them is refracted according to the 
ordinary law of single refraction. Both of 
them then are extraordinary rays, since they 
are refracted according to the laws of extra- 
ordinary refraction. 

Another peculiarity of biaxial crystals is that 
the position of the optic axes is not constant, 
but varies in the same crystal, according to the 
colour of the intromitted ray and the tem- 
perature of the crystal. Thus a violet ray is 
separated into two pencils when incident in 
the same direction in which a red one is re- 
fracted singly. Sir John Herschel, to whom 
we are indebted for this discovery, found that 
the inclination of the resultant axes in Ro- 
chelle salt, is for violet light 56°, and for red 
light 76°, but in the case of nitre, the inclina- 
tion of the axes for violet light is greater than 
for red light, and Sir D. Brewster discovered that 
glauberite has two axes for red light inclined 
about 5°, and only one axis for violet light. 
The changes produced on the inclinations of 
these axes by heat I shall hereafter have oc- 
casion to notice. 

In conclusion, then, crystals considered with 
respect to their singly or doubly refractive 
properties may be thus arranged : 

M 2 
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Optical Classification of Crystals. 

Class 1. 

Singly refracting crystals. 

Class 2. 

Doubly refracting f Orrfer 1. Uniaxial >..m^ ("a. Repulsive (negative) or 
crystals I Order 2. Biaxial j «""««^ \b. Attractive ^positive). 

2. Form of Crystals, — A remarkable con- 
nection exists between the optical properties 
and the geometrical forms of crystals ; and to 
this I have now to beg your attention. 

A crystal, like every other solid, possesses 
length, breadth, and thickness ; and the mea- 
sures of these are three imaginary lines which 
pass through the centre of the crystal, and 
are termed the axes. They may be deno- 
minated crystalhgraphical or geometrical axes, 
to distinguish them from the optic axes, with 
which they do not always coincide. Rose de- 
fines them to be " certain lines which pass 
through the centre of the crystal, and around 
which the faces are symmetrically disposed." 

In some forms all these axes are equal in 
length, as in the cube ; and in such cases it is 
said that the axes are similar or aUke. Such 
crystals are termed equiaxed. But in a very 
large proportion of cases the axes are not all 
equal, and these crystals are said to be un," 
equiaxed. Now it is a remarkable circum- 
stance, that the equiaxed crystals are single 
refractors, while the unequiaxed are double re- 
fractors. This is the first fact demonstrative 
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of the connection between the forms and the 
optical properties of crystals. 

Of the unequiaxed crystals some have two, 
others three kinds of axes. If, for example, 
the length and the breadth of a crystal be 
alike, but the thickness different, the axes are 
of two kinds. Such crystals are usually said 
to have two dissimilar axes, but I shall term 
them di'Unequiaxed. Other unequiaxed crys- 
tals have all their axes unequal ; in other 
words, their length, their breadth, and their 
thickness are all unequal. Such crystals are 
generally said to have three dissimilar axes, 
butf I shall call them tri-unequiaxed. Now, it 
is most remarkable that the di-unequiaxed 
crystals are double refractors, with one axis of 
[no] double refraction, while the tri-unequiaxed 
are double refractors with two axes of [no] 
double refraction. Here is another curious 
fact, illustrative of the relation which exists 
between the shape and optical properties of 
crystals. 

Modern crystallographers arrange crystals in 
six groups, called systems. The equiaxed crys- 
tals constitute one system, called the cubiC) oc» 
tohedral or tessular system. The di-unequiaxed 
crystals comprehend two systems ; one termed 
the square prismatic or pyramidal system, the 
other called the rhombohedric or rhombohedral 

m3 
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system. The tri-unequiaxed crystals include 
three systems : one denominated the right 
rhombic or rectangular prismatic system ; a se- 
cond termed the oblique rhombic or rectangular 
prismatic system ; and a third, called the doubly 
oblique prismatic system* The following table 
will, perhaps, render these statements more 
intelligible : 

Geometrical Classification of Crystals, 

Class 1. 7 Systems, 

Equiaxed crystals > m.. 1. Cubic or Octohedral* 

{single refractors) j 

r^^ i;«^f"'r;^Ti^^ |2- Square Prismatic 
{one axis qf [no^ double i ^^^^,^.-,. 



Class 2. 



r^raction) (3.Rhombohedric. 



14. Right Rhomblic 
Prismatic. 
5. Oblique Rhombic 
^ rvrocwon; Prismatic 

I 6. Doubly Oblique 

I, J Prismatic 



I shall not at present enter into any further 
details respecting the geometrical peculiarities 
of each of these systems, as the subject will be 
more appropriately considered presently. 

3. Expansibility. — Between the particles of 
matter there exist two classes of forces, the 
one attractive, the other repulsive. By the 
first, particles are approximated and united to 
form masses ; by the second, they are separated 
to greater or less distances. Hence attraction 
and repulsion are antagonising forces. 

Caloric or heat is a repulsive force. It 
augments the distance between particles and 
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thereby weakens their attractive force ; for 
molecular attraction rapidly diminishes as the 
distance between the particles increases. Hence 
solids and fluids, when heated, expand or dilate. 

But the force of attraction which exists be- 
tween the particles of difierent bodies (solids 
and liquids) varies considerably : in some being 
much greater than in others. Hence, the same 
amount of heat gives rise to a very different 
degree of expansion in different bodies. In 
other words, each solid or liquid has an ex- 
pansion peculiar to itself, owing to the greater 
or less attractive force which exists between 
the molecules* 

Some crystals, when heated, expand equally 
in all directions, and such I shall accordingly 
denominate equiexpanding. Now it is obvious 
that in these the existence of equally attractive 
forces in all directions must be inferred ; and it 
is a curious and striking confirmation of this 
inference that crystals, which suffer equal ex- 
pansion in all directions, are singly refracting 
and equiaxed. 

A very large number of crystals, however, 
dilate, when heated, unequally in different 
directions ; and such may be conveniently de- 
nominated unequiexpanding. In them expan- 
sion in one direction is accompanied in some, 

if not in all cases, with contraction in another 

m4 
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direction; and it is, therefore, obvious, that 
the force of attraction between their particles 
must be unequal in different directions, the 
attractive or cohesive force being least in that 
direction in which the expansion is the greatest. 
Crystals of this class are doubly refracting and 
unequiaxed. 

" Crystals which do not belong to the regu- 
lar system expand unequally in the direc- 
tion of their axes, by which the size of their 
angles changes." (Gmelin). 

I apprehend that the unequal expansibility of 
crystals depends on the approach of the crystal 
to the fluid form, that is, to the spherical form ; 
for, as BerthoUet has observed, " the causes 
which determine the changes of constitution of 
bodies exercise an action the effects of which 
are evident before the changes of constitution 
have taken place," Three proofs of this may 
be stated. 

1. Ice has a less sp. gr. than water at 32° F. 
Now, when water has been cooled down to 
39° F., it expands on the further application of 
cold before it solidifies; so that the cause, 
whatever it may be, which renders ice lighter 
than water, is in operation before the water is 
frozen. 

2. Sir Charles Blagden observed, that when 
salt is added to water, so as to lower the freez- 
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ing point, the approach to congelation is still 
shown by augmentation of volume. 

3. When liquids are approaching their boil- 
ing points, they are gradually assuming the 
elastic state by progressive dilatation. 

4. When heat is applied to solids, their 
forms begin to assume those nearest the sphere. 

" After I had obtained," says Mitscherlich, 
" these results, that the expansion of crystals 
depended on the axes, and that calc spar suf- 
fered a greater expansion in the direction of 
the smaller axis, also according to the direc- 
tions in which the atoms lie next, I sought 
to determine what influence the relative size 
of the axis had on the expansion. I, there- 
fore, selected the combinations of carbonic acid 
with three isomorphous bases, lime, protoxide 
iron, and magnesia." 

The changes produced on the angles of 
crystals for 180° F. were as follows : 

Iceland Spar - - 8' 34^' 

Bitter Spar - -4' &' 

Ditto of Pfitschlat - - 3' 29'' 

Carbonate of Iron - - 2' 22'' 

Of these rhombohedra that of bitter spar of 
Pfitschlat was the most obtuse, that of Iceland 
spar the most acute. 

MitscherlicK s Conclusions are as follows : 
1. That the crystals which belong to the 
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regular system^ as the spinelle and blende, 
show no double refraction, expand equally in 
all directions, and suffer no change in their 
angles. Hence the matter in them must be all 
equally arranged, and relates itself in every 
direction equally to light, 

2. That the crystals whose primitive form is 
a rhomhohedron or six-sided prism relate them- 
selves differently to heat in one direction, that 
of their principal axis, than in other direc- 
tions. Iceland spar, for example, expands in 
the principal axis (that is, the line which joins 
the two blunt angles of the rhomhohedron) 
differently to that of the secondary axes, which 
are perpendicular to the principal one. Among 
the secondary axes the expansion is equal, and 
hence it follows that crystals with one axis of 
double refraction relate them to heat as to light. 

3. That the crystals whose primitive form is 
a rectangular octohedron, a rhombic octohedron^ 
or any of the crystals which have two axes of 
double refraction, expand unequally in all 
those directions. 

4. That the expansion of crystals is deter- 
mined strictly according to the axes ; and as 
these are connected with the optical characters, 
so these have a determinate relation, so that 
the smaller axes expand comparatively more 
than the larger. 
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The essential difference in shape between ail 
equiexpanding and an unequi expanding crystal 
is, that the first]can be inscribed within a sphere, 
the second cannot. We may rudely illustrate 
this in the lecture-room by diagram, substitut- 
ing planes for solids, by inscribing a square, or 
an equilateral triangle in a circle {fig* 54,, A 
and B). The first will represent the face of a 
cube, the second that of the regular tetrahedron. 
Now, it will be perceived that the circum- 
ference of the circle passes through all the 
angular points of the figure about which it is 
described* All these forms are equiexpanding. 

Fig. 54. 





The regular six-sided prism expands un- 
equally in some directions, but equally in 
others. If now we describe a circle around 
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the terminal faces, it will be perceived that it 
passes through all the angular points of this 
face {Jig. 54., C), and in all directions, in this 
plane, the crystal expands equally. The rhom- 
bohedron cannot be inscribed within the sphere, 
because its axes are unequal. If, for example, 
we attempt to describe a circle around the 
rhombic face of Iceland spar {fig. 54., D), it 
will be found that while the obtuse angles 
{a a) are contained within the circle, the acute 
ones (6 V) project beyond it. Now, under the 
influence of heat, this face expands in the 
direction of the shortest axis, but contracts in 
that of the longest axis, by which the rhomb 
approaches to the square, the obtuse angles 
becoming more acute, the acute ones more 
obtuse {fig, 54., E). 

These illustrations will serve to give some 
general notions of the relations which exist 
between the forms and expansibilities of 
crystals. 

The di'Unequiaxed crystals — that is, the 
doubly-refracting crystals, which have only 
one axis of [no] double refraction — expand 
equally in the direction of the equal crystallo- 
graphical axes, but differently in that of the 
remaining one ; and we may, therefore, deno- 
minate them di-unequiexpanding crystals. If, 
for example, a rhombohedron of Iceland spar 
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be subjected to heat^ it expands in the direc- 
tion of its shortest axis, but contracts in all 
directions perpendicular to this, and in an in- 
termediate direction it neither dilates nor con- 
tracts. Thus, according to Mitscherlich and 
Dulong, when heated from 3^ to 212° F., 
it actually expands, in the direction of the 
shorter axis, 0'00286, and contracts in a direc- 
tion perpendicular to this 0*00056 ; so that its 
apparent or relative expansion in this axis is 
0-00342 (that is, 0-00286 + 0-00056). Now a 
necessary consequence of this unequal expan- 
sion is an alteration in the angles of the crystal: 
the obtuse ones become more acute, the acute 
ones more obtuse. In other words, the rhom- 
bohedron approximates to the cube ; and in 
proportion to this change of form is the diminu- 
tion of doubly refracting energy. Mitscherlich 
had conjectured that the latter effect would 
take place, and Rudberg has verified the con- 
jecture. The last-mentioned philosopher found, 
that while the ordinary refraction of Iceland 
spar underwent little or no change, the extra- 
ordinary refraction was considerably diminished 
by an augmentation of temperature. 

In bitter spar the obtuse angles of the primi- 
tive rhombohedron are lessened by heating it 
to 212°, by about 4' 6'' ; and in pure iron spar 
to 2^ 22". As of these minerals calc spar was 
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the least obtuse, and ferrt^inous bitter spar 
the most obtuse rfaombohedron, it follows that 
the expansion in the direction of the principal 
axis is not in the ratio in which it is shorter. 
(MiUcherlich.) 



»l961(byM[wrt!Deiit). 



Fig. SS. 



+ CalculmUd [Qtal npintloQ 0-001737 

The triunequiaxed crystals expand, when 
heated, unequally in the direction of all their 
axes, and, therefore, they maj be denominated 
itni-unequiexpajiding crystals. Vfhenjirraffonife 
was heated from 32° to 212° the inclination of 
the lateral faces was augmented about 2' 46", 
and that of the terminal faces lessened about 
5' 29" (Mitscherlich) : and accord- 
ing to Fresnel gypsum expands 
more in the direction of its prin- 
cipal axis than in that of the two 
lateral ones (Gmelin). When the 
temperature of selenite is aug- 
mented, the inclinations of all its 
faces suffer changes. Thus, accord- 
ing to Mitscherlich, by heating it 
from 32° to 212° the inclination of 
the faces c c' was altered 10' 50'', 
that of the faces a a' 8' 25", and that of the 
edges 6 6' only 7' 26". 

I have already explained what is meant by 
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the terms positive or attractive, and repulsive 
or negative axes. They refer to optical dif- 
ferences in crystals, for which we find no cor- 
responding geometric or crystallographical dif- 
ferences. Now there have been observed, in 
the effects of heat on crystals, difierences 
analogous to the optical ones just referred to. 
Thus, in crystals with a repulsive or negative 
axis, as Iceland spar, expansion is greatest in 
the direction of the shortest axis, showing that 
the molecular attraction in this direction is the 
weakest ; whereas in positive or attractive cry- 
stals, as selenite, heat produces less dilatation 
in a direction parallel to the axis than in a 
direction perpendicular to it, 

** The inclination of the optic axes, in biaxial 
crystals," says Mr. Lloyd, *' is a simple func- 
tion of the elasticities of the vibrating medium 
in the direction of three rectangular axes, and 
the plane of the optic axes is that of the greatest 
and least elasticities. If, then, these three 
principal elasticities be altered by heat in dif- 
ferent proportions, the inclination of the axes 
will likewise vary ; and if, in the course of this 
change, the difierence between the greatest 
elasticity and the mean, or between the mean and 
the least, should vanish and afterwards change 
sign, the two axes will collapse into one, and 
finally open out in a plane perpendicular to 
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their former plane. All these variations have 
been actually observed. Professor Mitscherlich 
found, that in sulphate of lime the angle 
betw^een the axes (which is about 60° at the 
ordinary temperature) diminishes on the applica- 
tion of heat ; that, as the temperature increases, 
these axes approach until they unite ; and that, 
on a still further augmentation of heat, they 
again separate, and open out in a perpendicular 
plane. The primitive form of the crystal 
undergoes a corresponding change, the dilata- 
tion being greater in one direction than in 
another at right angles to it. Sir David Brew- 
ster has observed an analogous and even yet 
more remarkable property in Glauberite. At 
the freezing temperature this crystal has two 
axes for all the rays of the spectrum, the 
inclination of the axes being greatest in red 
light Bnd least in violet. As the temperature 
rises the two axes approach, and those of dif- 
ferent colours unite in succession ; and at the 
ordinary temperature of the atmosphere the 
crystal possesses the singular property of being 
uniaxial for violet light and biaxial for red. 
When the heat is further increased, the axes 
which have united open out in order, and in a 
plane at right angles to that in which they 
formerly lay, and, at a temperature much below 
that of boiling water, the planes of the axes 
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for all colours are perpendicular to their first 
position.* The inclination of the optic axes in 
topaz, on the other hand, augments with the 
increase of temperature, and the variation, 
M. Marx has observed, is much greater in the 
coloured than in the colourless varieties of this 

mineral, f' 

In conclusion, then, crystals considered with 
reference to the effects of heat on them may 
be thus arranged : — 

Thermotic Classification of Crystals. 

Class 1. 

Equiexpanding crystals (single refractors ^ equiaxed). 

Class 2. 

Unequiexpanding ) Order 1. Di-unequiexpanding (one optic cucis^ di- 

crystals f unequiaxedj. 

(double r^ractorSf (Order 2. Tri.unequiexpanding (two optic axes^ 

unequiaxedj ) iri-unequiaxedj. 

4. Atoms or Molecules. — It has been cor- 
rectly stated by Sir D. Brewster J, that the 
polarizing or doubly refracting structure of 
crystals must " depend on the form of their 
integrant molecules, and the variation in their 
density." A few observations on the atoms or 
molecules of crystals will not, therefore, be out 
of place on the present occasion. 
• Like all other aggregates, crystals are made 
up of certain small parts conventionally called 

• Edin. Tran8,y vol. xi. ; and Phil. Mag,, 3rd 8erie», 
vol. L, p. 417. 

f Jahrb. der Chemie, vol. ix. 
i PhO. Trans, for 1818, p. 264. 

N 
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atoms or molecules. It is unnecessary to dis- 
cuss the question of their finite or infinite divi- 
sibility ; and, to obviate the necessity of this, I 
shall assume, with Dumas *i that an atom is the 
smallest particle of a body which by mere 
juxtaposition with the particles of other bodies 
gives rise to a combination. Hence, therefore, 
the small parts of any one body which combine 
chemically with certain small parts of another 
body, without sufiering further division, are 
what we understand by the terms atoms or 
molecules. 

As these small parts or atoms are invisible, 
even when we aid the eye by the most power- 
ful microscope, it is obvious that all observa- 
tions on their size and shape must be specula- 
tive. Two opinions, however, have prevailed 
with respect to their form ; Haiiy and others 
have adopted the notion of their angular shape, 
while Hooke, WoUaston, and other more re- 
cent writers, assume them to be rounded. If 
we were to deduce the form of the molecules 
from that of their aggregates, we should adopt 
the angular hypothesis ; for the most minute 
fragment of a crystal which we can procure 
and see, is angular. On the other hand, the 
spheroidal form of the planetary bodies, the 
tendency which liquids manifest to assume the 

* Traite de Chimie, t. i. p. 33., 1821. 



SHAPE OP AN ATOM. 179 

spherical shape, and the mechanical facilities 
which the hypothesis of rounded atoms offers in 
the grouping of the atoms, have led later writers 
to adopt almost exclusively the views of Hooke 
and WoUaston, 

But it may be asked, Is the shape of an 
atom constant ? or can it suffer change ? May 
not the atoms of liquids be spherical or el- 
lipsoidal and those of crystals angular ? Ellipso- 
idal forms become angular by compression ; and 
hence may not the ellipsoidal atoms of a liquid 
become angular in the act of crystallization ? 
The idea has not, to my knowledge, occurred 
to crystallographers, but it appears to me that 
the subject well deserves consideration. 

A spheroid is said to be ohlate when, as in 
the case of the earth, the shortest diameter is 

■ 

its axis of revolution, but it is prolate or 06- 
hng^ when the longer diameter is its axis of 
revolution. Now the shorter diameter may be 
regarded as the direction of the greatest attrac- 
tion, or of compression, while the longer dia- 
meter is the direction of least attraction or of 
dilatation. In the case of the earth it is well 
known that gravity is greater at the poles than 
at the equator, a body weighing about y^:rth 
more at the former than at the latter. It 
might, therefore, be supposed that crystals 
with one positive or attractive axis of double 

N 2 
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refraction would be formed of oblate spheroids, 
while those with one negative or repulsive axis 
would be made up of prolate spheroids. 

But an objection exists to this hypothesis. 
According to it, obtuse rhombohedra. ought to 
have one positive axis, while acute rhombohedra 
should have one negative axis of double refrac- 
tion. Now the crystalline form of Iceland spar 
is an obtuse rhombohedron, but the optic axis 
of this substance is negative, so that its crystal- 
line form is that which is produced by an ob- 
late spheroid, while its optical property is that 
of a prolate spheroid. To obviate this objec- 
tion. Sir D. Brewster * suggests that the mole- 
cules have the form of oblate spheroids, whose 
polar is to their equatorial axis as 1 to 2*8204, 
and that they were originally more oblate, but 
have been rendered less so by the force of 
aggregation, which dilated them in the direc- 
tion of the smaller axis. 

In point of fact, however, this assumption 
does not entirely obviate the difficulty, as the 
spheroids are still supposed to be oblate, 
though their axis is a negative one ; and it ap-. 
pears probable that the same force which would 
render the axis negative should change the 
shape of the spheroid from the oblate to the 
prolate. Moreover, Sir D, Brewster's explanation 

* PMl Trans., 1830. 
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involves the improbable supposition, that the 
original very oblate spheroids, if " placed to- 
gether without any forces which would alter 
their form," would " compose a rhombohedron 
with a greater angle, and having no double 
refraction." 

On the assumption that the axes of the 
atoms of crystals bear the same relations to 
each other that the axes of the systems of crys- 
tals themselves do, I have drawn up the fol- 
lowing table of the supposed shapes of the 
atoms : 

Table of the Shapes of the Atoms of Crystals, 

Systems qf Crystals. 

' Chkas 1. Equiaxed (spheres),.., 1. Cubic. 

r Order I. Two equal C 2. Rhombohedric 
I axes (spheroids)... i 3. Square Prismatic. 
Class 2. Unequiaxed •< (4. Right Prismatic. 

{ Order 2. Three un- 1 5. Oblique Prismatic. 
^ equal axes (6. Doubly Oblique. 

The doubly refracting structure is not inhe- 
rent in the molecules themselves. Quartz or 
crystallized silica doubly refracts; but taba- 
sheer, opal, and melted quartz, all siliceous 
substances, do not. Ice doubly refracts, while 
water singly refracts. What is the reason of this ? 

It will be generally admitted, I presume, 

that the double refraction of ice is a molecular 

property, and is associated with the shape of 

the atom ; and hence, if the atoms of water 

have the same form as those of ice, they ought 

also to possess the doubly refracting property 

ir 3 
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of the latter. Now, the advocates for the 
hypothesis of the unchangeability of atomic 
forms contend, that in ice the atoms are sym- 
metrically and regularly arranged, with their 
axes pointing in the same direction ; while in 
water they are unsymmetrically or irregularly 
arranged or jumbled together in such a manner 
that their axes have every possible direction^ 
so as to create a general equilibrium of the 
polarizing forces. But, if this were the case, 
two specimens of water would scarcely ever 
present the same optical properties. If, by 
any accident, the axes of a large majority of 
the molecules should happen to be arranged 
in the same direction, the liquid would then 
possess a doubly refracting property. Now, it 
appears to me, that no hypothesis can be cor- 
rect which ascribes to accident or chance a 
constant and invariable property of a body; 
for I hold, that, except when approaching the 
freezing point, liquid water is invariably a 
single refractor. 

But, on the assumption that the shapes of 
atoms are, to a certain extent, capable of 
change, the difficulty is easily obviated. Sup- 
pose the atoms of liquid water to be spheres, 
and that in the act of freezing they become 
spheroids, the expansion of water in the act of 
freezing, the doubly refracting property, and 
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the crystalline form of ice would then be readily 
explicable. 

A consistent explanation of Dimorphism can 
scarcely be offered except on the assumption 
of the changeability of the shapes of the atoms. 
Carbonate of lime, for example, crystallizes in 
two distinct and incompatible forms, the one 
belonsfing to the rhombohedric, the other to 
the right prismatic system. In the first case, 
we call it Iceland spar; in the other, Arragonite. 
Iceland spar has one negative optic axis, Arra- 
gonite has two negative optic axes. The shapes 
of the atoms of these bodies must, therefore, be 
different. Admit that, under certain circum- 
stances, the atom of carbonate of lime can 
change its shape, and all difficulty as to the 
production of these forms is at an end. 

We suppose, therefore, that *^ when, in the 
process of evaporation or cooling, any two 
molecules are brought together by the forces 
or polarities which produce a crystalline ar- 
rangement, and strongly adhere, they vrill mu- 
tually compress one another." If the com- 
pression in three rectangular directions be 
equal, the crystal will be a singly refracting 
one : if the compression in two directions be 
equal but different in the third, the crystal 
will be a doubly refracting one with one optic 
axis: and, lastly, if the compression be dif- 

N 4 
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ferent in each of the three directions^ the crys- 
tal will doubly refract, and have two optic axes* 

5. Molecular Forces, — Between the mole- 
cules of crystals, as well as of other bodies, 
there exist attractive and repulsive forces, in 
virtue of which the molecules are retained, not 
in contact, but within certain distances of each 
other. These forces are antagonists, and, there- 
fore, the molecules acting under their influence 
take up a position of equilibrium, where the 
two opposing powers counterbalance each other. 

But in crystals it is necessary to admit, be- 
sides ordinary attraction and repulsion^ a third 
molecular force called polarity ^ which may be 
regarded either as an original or a derivative 
property. Without this it is impossible to ac- 
count for the regularity of crystalline forms. 
Under the influence of a mutually attractive 
force particles would adhere together and form 
masses ; the shapes of which, however, would 
be subject to the greatest variety ; and though 
occasionally they might happen to be regular, 
yet this could not constantly be the case. 

The simplest conception we can form of po- 
larity is that it depends on the unequal actioa 
of molecular attraction or repulsion in different 
directions. A molecule endowed with unequal 
attractive forces in different directions may be 
said to be possessed of polarity. 
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A crystal has length, breadth, and depth or 
thickoess. It is composed of molecules accu- 
mulated in three different directions corre- 
sponding to these three measurements ; and it 
is obvious, therefore, that to account for their 
cohesion we must suppose that they attract 
each other in three directions; moreover, as 
the relative intensity of their attraction in 
these directions is, in many cases, unequal, it 
might be even supposed that they are three 
difierent kinds of attractions. To render this 
subject intelligible I shall make use of some 
illustrations employed by Dr. Frout in one of 
the Bridgewater Treatises. 
rSg. «. Fig. 57. J7g. 58. 




Suppose three molecules to adhere together 
to form a single row, line, or string of mole- 
cules, in virtue of an attractive force which I 
shall distinguish by the name of the length 
force. The points A A A or a a a are supposed 



1S6 ON THE POLARIZATION OF LIGHT. 

to mutually repel each other, while Aa Aa Aa 
mutually attract {fig. 56.). 

Let us further suppose that three such rows 
of particles cohere in virtue of an attractive 
force acting in a direction perpendicular to the 
first. We may distinguish this as the breadth 
force. The points B B B or 6 6 6 are supposed 
to mutually repel, while B6 B6 B6 mutually 
attract. These three rows of particles by their 
cohesion form di. plane {fig. 57.). 

Again, let us assume that three such planes 
cohere together, in virtue of an attractive force 
acting in a direction perpendicular to both the 
other forces. This force we may denominate 
the depth force. The points C C C or c c c 
are assumed mutually to repel, while Cc Cc Cc 
mutually attract. These three planes by their 
union form a solid {fig. 58.). 

Thus, then, we suppose that the molecules 
of crystals have three rectangular axes of at- 
traction, or " lines along which they are most 
powerfully attracted, and in the direction of 
which they cohere with diflferent degrees of 
force." 

Though, for convenience and facility of ex- 
planation, I have employed the terms length- 
force, breadth-force, and depth-force, I by no 
means wish you to suppose that I adopt the 
notion of the distinct nature of these forces. 
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They may be, perhaps they are, cfne force act- 
ing in three directions. 

• These forces may be equal or unequal^ and 
in the latter case two only, or all three may be 
unequal* That is, in some crystals the length- 
force may be equal to the breadth-force, and 
this to the depth-force. Or two only of the 
forces may be equal, the third being unequal : 
or, lastly, all three may be unequal. 

As I have already had frequent occasion to 
speak of the elasticity of crystals, and as I shall 
again have to refer to it, I think it proper to 
explain what is meant by it. I have stated 
that the molecules of bodies are not in actual 
contact, but are separated by greater or less 
intervals. They are kept from actual contact, 
to which attraction urges them, by repulsion, 
while their further separation is opposed by at- 
traction. 

■ Now, we may disturb their state of equili- 
brium. We may, for example, by some com- 
pressing force, compel the particles to approach 
nearer to each other ; but when the disturbing 
cause ceases to act, the particles after a few 
oscillations take up their original position. This 
then is what we mean by elasticity, which is 
obviously a consequence of attraction and re- 
pulsion. An elastic body is one which has the 
property of restoring itself to its former figure 
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after any force which has disturbed it is with-* 
drawn. 

If by any force we approximate the particles^ 
of an elastic body, we augment its elasticity, 
and vice versd. Now, as it is repulsion which 
opposes the approximation of particles, it ap- 
pears that it is this force principally which con- 
fers on bodies the property called elasticity. 

In some crystals their elasticity is equal in 
three rectangular directions. Such crystals 
may be denominated equielastic. Others, how- 
ever, have unequal elasticities in different direc- 
tions, and may be termed unequielastic. The 
first are single refractors, the latter are double 
refractors. Of the unequielastic crystals, some 
have two of their three elasticities equal, others 
have all three of their elasticities unequal : the 
first may be termed di-unequielastic — the 
second, tri-unequielastic. 

The elasticity in the crystallographical axis 
may fall short of or exceed that in other direc- 
tions : in the first case, crystals are said to have 
a negative or repulsive axis, or an axis of di-, 
latation ; in the latter case, they are said to have 
a positive or attractive axis, or an axis of com- 
pression. 

By experiments made by Savart*, on the 

mode of sonorous vibration of crystalline sub- 
* Taylor's Scientific Memoirs, vol. i. 
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stances, it has been shown, that the negative 
or repulsive axis is the axis of least elasticity, 
while the positive or attractive axis is the axis 
of greatest elasticity. " In carbonate of lime," 
he observes, " it is the small diagonal of the 
rhombohedron which is the axis of least elas- 
ticity, whilst it is that of greatest elasticity in 
quartz.** To be convinced of the accuracy of 
this assertion, it is sufficient to cut, in a rhom- 
bohedron of carbonate of lime, a plate taken 
parallel to one of its natural faces, and to ex- 
amine the arrangement of its two nodal systems, 
one of which consists of two lines crossed rec- 
tangularly, which are always placed on the 
diagonals of the lozenge, the primitive outline 
of the plate; and the other is formed of two 
hyperbolic branches, to which the preceding 
lines serve as axes {Jig, 59.), but with this 
peculiarity, that it is the small diagonal which 
becomes the first axis of the hyperbola, whilst 



Fig. 59. 



mg. 60. 







Nodal Systems of Cede Spar, Ditto of Quartz^ 
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it is its second axis in the corresponding plate 
of rock crystal (y?^. 60.). 

The following table shows the relation be- 
tween the elasticities and shapes of crystals : 
Table of the Elasticities of Crystals. 

Clam 1. "| SysUnu. 

Equielastic .. > 1. Cubic 

crystftls .. J 

r (2. Rhombohedrie • • "1 .9 A « C 
^ I Order \. 13. Square Prismatic i'U I « ■■«_«- /-««.*»« 
Ci^. 2. I Di-unequielagtio.. f 4. Wght Prismatic ^g'Sfe I *?™J5^°!J 
. •— i 6. Oblique Pris- - MstS -^ * ^i "?SST^ ^ 




Uneqnielastic 
crystala 

Order t. 
.Tri-unequielastic. . 



matic. 




Plus (podtiye u 



las (podti 
tractive). 



6.Drubly"Obiiqu4 JU I •*''«^^)- 
Prismatic 



Conclitsions. — From the preceding remarks 
it will appear, 

1 . That singly refracting crystals are equiaxed, 
eqiiiexpanding, equielastic, and, on the ellip- 
soidal hypothesis of molecules, may be assumed 
to be made up of spherical atoms. 

2. That doubly refracting crystals are un- 
equiaxed, unequiexpanding, unequielastic, and, 
on the ellipsoidal hypothesis of molecules, may 
be assumed to be made up of either spheroidal 
atoms or ellipsoids with three unequal axes. 

3. That uniaxial crystals are di-unequiaxed, 
di-unequiexpanding, di-unequielastic, and, on 
the ellipsoidal hypothesis of molecules, may be 
assumed to be made up of spheroidal atoms. 

4. That biaxial crystals are tri-unequiaxed, 
tri-unequiexpanding, tri-unequielastic: and, on 
the ellipsoidal hypothesis of molecules, may be 
assumed to be made up of ellipsoids having 
three unequal axes. 
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5. That doubly refracting crystals, having a 
negative or repulsive axis, expand more, and 
have less elasticity in the direction of the axis 
than in directions perpendicular to this. 

6. Lastly, that doubly refracting crystals, 
having a positive or attractive axis, expand less, 
and have more elasticity in the direction of the 
axis than in directions perpendicular to this. 



I shall now go through the six systems of 
crystals, separately pointing out the most im- 
portant of their optical and other properties. 

SYSTEM L 

THE CUBIC OB OCTOHEDRAL SYSTEM. 

Synonymes. — The regular^ the tessular, the 
tesseralf or the isometric system. 

Forms. — The forms of this system are either 
homohedral or whole forms, or hemihedral or 
half forms. 



Homohedral Forms. 

.1. Regular Octohedron. 

2. Cube or Hexahedron. 

3. Rhombic Dodecahedron. 

4. Icositetrahedron. 

5. Tnakisoctobedron. 

6. Tetrakishexahedron. 

7. Hexakisoctohedron. 



Hemihedral Forms. 

1. Tetrahedron or Hemioc- 

tohedron. 

2. Hemicositetrahedron or 

Pyramidal Tetrahedron, 

3. Hemitriakisoctohedron. 

4. Hemihexakisoctohedron. 

5. Hemitetrakishexahedron 

or Pentagonal Dodeca- 
hedron. 

6. Hemioctaklshexahedron. 
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Four Formi of the Cubic Sgttan; viz., Cubt, Regvhr 
Tetrahedron, BJtombie Dodeeakedro* and Regular Oc' 

tokedroii. 

aa,b b, c c. The three rectangular equal axes. 

Cri/ttals. — Of the fifty-five or fifty-six 
simple or elementary bodies which have been 
hitherto discovered, the crystalline forms of not 
more than eighteen have been ascertained. Of 
this number, no less tban thirteen are referable 
to the cubic system, namely bismuth, copper, 
tiioer, gold, platinum, iridium {f), iron, lead, 
titanium, mercury, sodium, phosphorus and 
diamond. Now, it appears ^ priori probable 
that simple bodies would have spherical atoms, 
and, therefore, the fact that the above-named 
BUbstances crystallize in forms belonging to the 
cubic system, has been adduced as an addi- 
tional evidence of their simple nature. 

A considerable Dumher of binary compounds 
also belong to this sjetem — as the chlorides of 



\ 
N 
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sodium, potassium, and silver; sal ammoniac; 
the bromide and iodine of potassium; fiuor 
spar, and the sulphurets of zinc (blende), lead 
(galena), silver, and iron (pyrites). 

Some substances which contain more than 
two elements, also belong to this system, as 
alum and garnet. 

Now, if the cubical form be an argument for 
the simple nature of the metals, why, it may 
be asked, do so many compound bodies present 
the same form ? To this we can offer no satis- 
factory reply ; and I think, therefore, we may 
conclude, with Dr. WoUaston, " that any at- 
tempts to trace a general correspondence be- 
tween the crystallographical and supposed 
chemical elements of nature must, in the pre- 
sent state of the sciences, be premature." 

Properties, — The crystals of this system 
have the following properties : — They are equi- 
axed singly refracting, equiexpanding and 
equielastic. We assume their molecules to be 
sphericaL 

When examined in the polariscope they pre- 
sent no traces of colour. 

Exceptions. — A few exceptions exist to 
some of the preceding statements ; but they 
are probably more apparent than real. 

1. Several crystals of this system, as the 

diamond, fluor spar, alum, and common salt, 

o 
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sometimes exhibit traces of a doubly refracting 
structure. But this is ascribable to irregular- 
ities of crystallization, or to the operation of 
compressing or dilating forces. 

2. Boracite (a compound of boracic acid and 
magnesia) crystallizes in the general form of 
the cube ; the edges of which are replaced, and 
the diagonally opposed solid angles dissimilarly 
modified. Instead, however, of being merely 
a single refractor, as its shape would lead us to 
expect, Sir D. Brewster found that it was a 
double refractor, with one positive axis of 
double refraction in the direction of a line join- 
ing two opposite solid angles of the cube. So 
that, in point of fact, it possesses the proper- 
ties of a rhombohedric crystal. We may, there- 
fore, regard it as a rhombohedron, whose an- 
gles differ from a right angle by an infinitely 
small quantity. 

3. Analcime or cubizite (hydrated silicate of 
alumina and soda) constitutes another remark- 
able exception to the general rule, that crystals 
of the cubic system are devoid of a doubly 
refracting structure. The most usual form of 
this crystal is the icositetrahedron. Now if we 
suppose, says SirD. Brewster, its contained cube 
" to be dissected by planes passing through all 
the twelve diagonals of its six faces, each of 
these planes will be found to be a plane of no 
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double refraction or polarization." All inter* 
mediate portions doubly refract. From every 
other known doubly refracting crystal anal- 
cime differs in the circumstance, that all its 
particles do not equally possess the property of 
double refraction, those in the planes above 
mentioned being devoid of this power, and the 
others possessing it in proportion to the squares 
of their distances from these planes. It differs 
from unannealed glass in the fact that a change 
in its external form does not give rise to a 
change in its polarizing power ; but each frag- 
ment possesses the same optical property, when 
it is detached from the mass, that it had when 
naturally connected with its adjacent parts. 
Analcime, therefore, is a complete optical 
anomaly. 

It has been suggested, that these curious 
optical properties may depend on the presence 
of both a doubly and a singly refracting 
mineral ; and the fact, that the large opaque 
crystals of analcime, found in the valley of 
Fassa in the Tyrol, are traversed by plates of 
apophyllite (a doubly refracting crystal), lends 
support to this hypothesis. 

SYSTEM n. 

« 

THE SQUARE PRISMATIC SYSTEM. 

Synonymes. — The four^membered or two- 

o 2 
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and one-axed, the pyramidal, the tetragonal, or 
the monodimetric system, 

Forms. — The forms of this system are either 
homokedral or whole forms, or hemihedral or 
half-forms. 

Homokedral Forms. 

1. Octohedron with equare 

2. Terminal Face or Hori- 

zontal Plane. 

3. Square Prism (of two po- 

4. Dioctoliedron or Eight- 

sided FTTamid. 

5. Eight-aided Prism. 

Fig. 62. 



Hemihedrai Forms. 

1, HemioctohedroQ or 

trahedron. 

2. Hemi-dioctohedron. 



Te- 




Fonr Forms of the Square Pnsmatte System; viz., Tko 
Stpiare Prisms in differed Positions, and Two Octohedm 
with Square Bases. 

a a. Principal aiis. B b, e, c. Secondary axes. 

Crystals. — Among the crystals* of this 
• Sowerbj (Ann. Phil svi. 223.) mentions crystals of 

PoHodiuBi in the form of octohedra with a square base, 

and of symmetrical prisms. 



SQUARE PRISMATIC SYSTEM. 197 

system are chloride of mercury (calomel), hicy- 
anide of mercury^ ferrocyanide of potassium 
(yellow prussiate of potash), peroxide of tin^ 
copper pyrites^ zircon^ and apophyllite. 

Properties. — The crystals of this system 
have the following properties : — They are di- 
unequiaxed, doubly refracting with one optic 
axis, di-unequiexpanding, and di-unequielastic* 
We assume their molecules to be either prolate 
or oblate spheroids. 

The two equal rectangular geometric axes of 
this system are called secondary axes ; while the 
third or odd one, which may be greater or less 
than the others, is \he principal ox prismatic 
axis^ or the crystallographical axis, or the axis 
of symmetry. The optical characters of this 
system are the following : — The crystals are 
doubly refracting, with optic axis, which coin- 
cides with the principal axis. 

If a thin slice of a crystal of this system, cut 
perpendicularly to the principal axis, be placed 
in the polariscope, it presents a system of cir- 
cular rings, with a cross, which is either black 
or white, according to the relative positions of 
the polarizer and analyzer. 

Ferrocyanide of potassium (commonly called 
prussiate of potash) may be conveniently used 
to show these effects. As found in commerce 

it usually occurs in the form of truncated octo- 

o3 
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hedrons having a square base. It should be 
split with a lancet in the direction of its laminae, 
that is, perpendicularly to its principal axis. 
Plates of about a quarter of an inch or more in 
thickness serve for the polariscope. They pre- 
sent a cross, and a negative system of circular 
rings; but the yellow colour of the crystal 
affects the brilliancy of the tints. 

Zircon (a compound of silica and zirconia) is 
valuable for optical purposes, on account of its 
being a positive uniaxial crystal. Hence if a 
plate of it, which gives a system of rings of the 
very same size as that produced by a plate of 
Iceland spar (a negative uniaxial crystal) be 
superposed over the latter plate, the one system 
of rings is completely obliterated by the other ; 
and the combined system exhibits neither 
double refraction nor polarization. 

I shall defer all explanation respecting the rings 
and cross of this system until I speak of Iceland 
spar (a crystal of the rhombohedric system). 

Exceptions. — Some exceptions to the above- 
mentioned properties of the crystals of this 
system exist, and require to be noticed. 

1. Ferrocyanide of potassium is subject to 
irregularities of crystallization ; and certain 
specimens present a double system of rings, or, 
in other words, are biaxial. Certain uniaxial 
specimens give a positive system of rings. 
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2. Apophyllite or Fisheye^stone (a compound 
of silica, lime, potash, and water) possesses 
some remarkable properties. In the most com- 
mon variety, that from Cipit in the Tyrol, the 
diameters of the rings are nearly alike for all 
colours — those of the green rings being a little 
less. Some specimens of apophyllite, called 
by Sir D. Brewster tesselated apophyllite^ pre- 
sent, in the polariscope, a tesselated or compo- 
site structure, instead of the ordinary cross and 
circular rings. They will be described hereafter 
among the tesselated or intersected crystals. 

SYSTEM IIL 

THE RHOMBOHEDRIC SYSTEM. 

Synonymes, — The three- and one-axed, the 
klinohedricy the hexagonal, or the trimetric 
system. 

Forms, — The forms of this system are either 
homohedral or hemihedraL 



Homohedral Forms, 

1. Double Six-sided Pyra- 

mid (Hexagondodeca- 
• hedron). 

2. Right Terminal Face 

(Horizontal Plane). 

3. Hexagonal Prism. 

4. Double Twelve-sided 

Pyramid (Didodecahe- 
dron). 

5. Twelve-sided Prism. 

o4 



Hemihedral Forms, 

1. Rhombohedron (Hemi- 
dodecahedron). 

2. Scalenohedron. 
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Three Form» of &e Rkombohedrie Syttem ; viz., the 
Hexagonal Ffum, the Scalene Dodecahedron and tie 
Rhontbohedron. 

a a. The priacipsi axis. bb,cc,dd. The secondu? axes. 

Crystals. — To this system belong some bo- 
dies supposed to be simple or elementary ; viz., 
antimony, arsenicum, and tellurium.' 

Plumbago or graphite and tbe native alloy 
of iridium and osmium also belong .to this 
system. 

lee, magnetic iron pyrites, cinnabar, chloride 
of calcium, Iceland spar, carbonates of iron and 
zinc, dolomite (magnesian carbonate of lime), 
nitrate of soda, hydrate of magnesia, tourmaline, 
talc, beryl, chabasite, quartz, and one-axed 
mica belong to this system. And here it may 

■ Rose insertfl " PattrdiumCf )" among rhombohednc 

crjstals. 
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be necessary to remark, that the substance 
known to mineralogists by the name of mica, 
and which, in trade, is usually but improperly 
termed talc*, varies in its crystalline forms 
and optical properties. One kind crystallizes 
in regular hexagonal prisms, which cleave with 
extreme facility in one direction, viz., perpen- 
dicularly to their axis. This has only one axis 
of [no"l double refraction, and consequently 
when a lamina of it is placed in the polariscope 
it presents only one system of circular rings 
traversed by a cross. This is the kind called 
rhomhohedral or uniaxial mica, the majority of 
specimens of which have a negative or repul- 
sive axis, though some have a positive or at- 
tractive one. But there is another kind of 
mica, of more frequent occurrence in the shops, 
and which is called by mineralogists prismatic 
or diaxial mica. It has two axes of double 
refraction, and consequently when a plate of it 
is placed in the polariscope, two systems of 
coloured rings are perceived. This kind of 
mica exists in two forms; one is crystallized 
in right prisms, the other in oblique prisms. 
Hence I shall distinguish the one as right pris^ 

* Talc is readily distinguished from mica by its greasy 
or unctuous feel. The most familiar kind of talc is that 
sold in the shops under the name of French Chalk. It 
is talc in an indurated earthy form. 



{Rhombohedric or 
Uniaxial j 
Prismatic or Di- ^ 
axial 
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matic mica, the other as oblique prismatic mica. 
They will be described hereafter. In conclu- 
sion, then, the kinds of mica may be thus ar- 
ranged : 

With a negative axis, or 
With a positive axis. 
Right Prismatic. 
Oblique Prismatic. 

The principal constituents of mica are silica 
and alumina. But it also contains potash and 
. sesquioxide of iron. 

Properties. — The forms of this system possess 
four axes*; viz., three equal ones, called the 
secondary axes, placed in one plane, and cross- 
ing in the centre at an angle of 60° ; and a 
fourth, termed the principal axis, or the axis 
of symmetry, or the crystallographical axis^ 
perpendicular to the others, from which it dif- 
fers in length. They are double refractors, 
with one optic axis coincident with the prin- 
cipal axis. They are di-unequiexpanding bo- 

* The description adopted in the lectures is that of 
Weiss and Rose ; some other writers admit only three 
axes. Thus, Turner (^Elements of Chemistry 7th ed., p. 
588.) describes three equal but not rectangular axes ; 
while GriflGin (^System of Crystallography^ pp. 151. and 
258.) admits three rectangular but unequal axes. 
Neither of these modes of description appear to me so 
completely to connect the form with the optical and 
other properties of the crystals as Weiss and Rose's 
method. 
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dies, the expansion being diflFerent (greater or 
less) in the principal axis from that in thie 
secondary ones. They are di-unequielastic ; 
the elasticity in the principal axis being either 
more or less than that in the secondary axes. 
With regard to the atoms, we may assume 
their shape to be spheroids. 

Iceland spar (Ca O COg) may be con- 
veniently used to illustrate the optical pro- 
perties of the crystals of this system. It oc- 
curs in rhomboidal masses, which by cleavage 
yield obtuse rhombohedra. The line which 
joins the two obtuse summits of one of these 
rhombohedra is called the shortest or principal 
axisy the crystallographical axisj the axis of 
the rhomboid^ or simply the axis, A plane 
drawn through this axis, perpendicularly to a 
face of the crystal, is called the principal sec- 
tion. This section belongs rather to a face 
than to the entire crystal, for each face has its 
own. Now, when the incident rays are per- 
pendicular to the face of the crystal, both the 
ordinary and extraordinary rays are always 
found in the same plane, so that the deviation 
of the extraordinary pencil takes place in the 
plane of the principal section. Every plane 
in the interior of the crystal, which is perpen- 
dicular to the axis, is called a section perpen- 
dicular to the axis, or the equator of double 
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refraction. In this plane the doubly refracting 
force is at a maximum, and when a lay 
incident in this plane, the resulting extraordi- 
nary and ordinary rays are both in the same 
plane. 

If a plate of Iceland spar, cut perpendicu- 
larly to the principal or shortest axis, be placed 
in the polariscope, the polarizing and analyzing 
plates being crossed, we observe coloured curves 
or concentric rings intersected by a rectangular 
black cross, the arms of which meet at the 
centre of the rings [Jig. 64.). 

F^. 64. Fig. 65. 




The coloured curves of rings are called the 
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lines of equal tint, or isochromatic lines (from 
laos equal and ^poi}[j.uTixog coloured). In this 
and other uniaxial crystals they are disposed 
in concentric circles, and are similar to Newton's 
rings seen by reflection. 

If we revolve the plate of Iceland spar on its 
axis, the rings and cross preserve the same po- 
sition ; but if either the polarizing or analyzing 
plate be rotated, some remarkable changes 
occur. 

Suppose the analyzing plate to be turned 
45** round the incident ray in a left-handed 
direction, we observe that the original or pri- 
mary coloured rings grow fainter or more di- 
lute, and the cross seems to shift its position 
to the left, while its blackness lessens and is 
replaced by another set of rings, which alter- 
nate with and are complementary to, the ori^ 
ginal curves (Jig. 65.). 

If the analyzing plate be rotated 45** further 
in the same direction, that is, 90** to the first 
or original position, the black cross is replaced 
by a white one, and the original set of coloured 
rings is succeeded by a second or complementary 
set, the rings of which are intermediate to the 
original ones, and are similar to Newton's rings 
seen by transmission {Jig. 66.). 

If the system of rings with a black cross 
(Jig. 64.) were superposed in the system with 
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the white cross {fig. 66.), white Kght would be 
reproduced. 

If the incident polarized light be white, the 
rings consist of compound tints produced by 
the superposition on each other of rings formed 
by each of the homogeneous rays composing 
white light. Of course, if the rings of all the 
colours were of the same size, the resulting 
system would consist of black and white rings ; 
but being of different dimensions, we obtain a 
system of different colours. In this case, the 
cross is either black or white, not coloured. 

If the incident polarized light be homo- 
geneous the rings consist of rings of the colour 
of the light employed, separated by black rings. 
Thus, suppose red light to be used, the rings 
will be alternately red and black ; whereas if 
blue light be employed, they will be alternately 
blue and black. Their size vmes with the 
colour of the light : red produces the largest, 
violet tlie smallest system of rings. In all 
cases in which homogeneous light is employed, 
the cross is either a black or a coloured one. 

The radii of the bright rings are as the square 
roots of the odd numbers, 1, 3, 5, 7, &c. ; 
while those of the dark rings are as the square 
roots of the even numbers, 2, 4, 6, 8, &c. In 
other words, the squares of the diameters of 
the bright rings are as the odd numbers, 1, 3, 
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5, 7, &c. ; while the squares of the diameters of 
the dark rings are as the even numbers, 2, 4, 
6j 8, &c. 



1 


2 


3 


4 


5 


6 


7 


8 



Square of the dia- f Bright rings 
meters of the ... {. DarA rings 



The actual diameter and breadth of the rings 
are increased by diminishing the thickness 
of the crystalline plate. To speak more pre- 
cisely, the radii of the rings are inversely as 
the square root of the thickness of the plate ; 
and, therefore, the rings are smaller with a 
thick plate than with a thin one. Thus, while 
a plate of a given thickness will produce a 
system of rings, the whole of which can be 
seen at once, a plate considerably thinner will 
give rings of so much larger diameter and 
greater breadth, that the whole system cannot 
be taken in at once by the eye. It is obvious, 
therefore, that the comparative doubly refracts 
ing power of two uniaxial crystals may be as- 
certained by observing the size of the rings 
produced by plates of equal thickness ; with a 
powerful doubly refracting crystal the rings are 
less than with a crystal possessing this pro- 
perty in a weaker degree. In fact, the radii 
of the rings are inversely as the doubly refract- 
ing power of the crystal. 

Let us now endeavour to explain generally 
the origin of the coloured rings and of the 
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cross, according to the undulatory hypothesis ; 
and, for precision and brevity of description, 
I shall suppose that tourmaline plates are used 
in the polariscope both for polarizing and ana- 
lyzing. 

The first tourmaline plate polarizes the light 
which is then incident on the Iceland spar. In 
their progress through the latter some of the 
polarized rays suffer double refraction, others 
are transmitted without undergoing this change. 
For there are two rectangular planes of pola- 
rization of the luminous rays in Iceland spar, 
one of the plane of polarization of the ordinary 
rays, the other of the extraordinary rays ; and 
in those parts of the crystal in which the plane 
of polarization of the incident light coincides 
with either of the planes of polarization of the 
rays in the crystal, no double refraction occurs. 
On the other hand, in those parts of the crystal 
in which neither of its planes of polarization 
coincide with the plane of the incident pola- 
rized light, double refraction ensues. 

All the ordinary rays which emerge from 
the crystal are polarized* in planes which pass 
through the principal axis of the crystal : while 
the extraordinary rays will be polarized in 
planes perpendicular to these. 'Leijig^ 67 re- 
present the crystalline plate cut perpendicularly 
to the axis e. The radiating white lines repre- 
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sent the planes of polarization for the ordinary 
rays, and the circular white lines the planes of 
polarization for the extraordinary rays. 
Fig. 67. 



-^ 









The two sets of rays (that is, the ordinary 
and the extraordinary) form two cones of re- 
fracted rays, having a common axis coincident 
with the axis of the crystal. The summit, or 
apex of each cone, will he at the eye of the 
observer; and the diameter of the base of the 
cone will of course vary according to its dis- 
tance from the eye. The diflFerent rays, of 
which each cone is made up, undergo different 
changes. Those which form the axis of the 
cone traverse the plate at a perpendicular inci- 
dence^ and, therefore, are not refracted ; while 
those which pass through the plate obliquely, 
undergo double refraction. 
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The ordinary or the extraordinary rays form- 
ing the same cone have not all an equal inten- 
sity at different parts of its circumference. For 
if the plane of polarization of the incident light 
be identical with or parallel to a h^Jig. 67., it is 
evident that, while the intensity of the ordinary 
rays will be at a maximum in the plane a 6, 
and at a minimum or nil in a direction perpen- 
dicular to this c dy the intensity of the extra- 
ordinary rays will be at a maximum in the plane 
c d, and at a minimum or nil in a direction per- 
pendicular to this, a b. 

Hence those rays which are incident on the 
crystal in the plane a 6, traverse the plate with- 
out having their plane of polarization charged, 
emerge as ordinary rays, and, by the subsequent 
action of the analyzing plate, form two arms 
of the rectangular cross, a h {Jig, 67.). Those 
rays which are incident on the crystal at any 
point of the line c d also traverse the crystal 
without having their plane of polarization 
Fig. 68. changed, but they emerge 

'^^ as extraordinary rays, and, 

I by the subsequent action of 

c Extraordinary rays, d the analyzer, form the re- 
g* maining two arms of the 

;| rectangular cross c d (^Jig. 

O 68.). The two sets of po- 

'^ larized incident rays which 
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thus traverse the crystal, without having their 
plane of polarization changed, and emerge, the 
one as the ordinary, the other as the extraordi- 
nary rays, form either a black or a white cross, 
according as they are either suppressed or trans- 
mitted by the second or analyzing tourmaline. 
If the two tourmalines be crossed the rays are 
suppressed — if they coincide the rays are trans- 
mitted. In the first case we perceive a black 
cross, in the second a white one. 

Thus, then, all the rays which emerge from 

the second surface of the crystal, at any point 

Fig. 69. of the two lines ah, c d{Jig^ 

a 69.), will not be divided into 

j two, nor have their planes of 

polarization altered. But all 

d the polarized rays which are 

incident on the crystal in any 
direction intermediate be- 
tween the positions a b and 
e d suffer double refraction, since their planes of 
polarization coincide neither with the plane of 
polarization of the ordinary, nor with that of 
the extraordinary rays ; that is, the vibrations 
of the incident rays are resolved into two sets, 
one which forms the ordinary rays, and the 
other perpendicular to it, which forms the ex- 
traordinary rays. The two systems of waves 
produced by these two sets of vibrations pro- 

p 2 
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ceed through the crystal with unequal velocities, 
and describe different paths ; consequently they 
emerge in different phases, that is, in a condi- 
tion for suffering interference by the action of 
the analyzer. In my last Lecture, however, I 
so fully explained the agency of the analyzer 
in giving rise to the phenomena of colour, that 
I need not now enter further into it. I shall, 
therefore, only add, that the coloured rings owe 
their origin to interference. 

A circumstance which affects the formation 
of the rings, is the inclination of the polarized 
rays to the optic axis of the crystal. In the 
axis itself, where the arms of the cross pass 
athwart each other, no colour is produced, con- 
sequently there can be, in this position, no 
double refraction. But those rays which suffer 
double refraction and produce colour, traverse 
the crystal obliquely, and at an inclination to 
tlie optic axis, and the obliquity or inclination 
augments in proportion as we recede from the 
centre pr axis. Now the effect of an increase 
in the inclination of the rays to the optic axis 
is equivalent to an increase of thickness in the 
crystals. Hence it is obvious why we have 
rings, and not a uniform tint, as in the case 
of the thin films of selenite described in our 
last Lecture. Moreover, it is obvious that at 
•equal distances around the axis the inclina- 
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tions will be the same, and consequently the 
similar tints will be found at equal distances 
from the axis; in other words, the lines of 
equal tint or isochromatic lines will be disposed 
in concentric circles^ 

That the tints of the system of rings accom- 
panying the black cross should be comple- 
mentary to those which accompany the white 
cross, will be readily understood from what 
was stated in the last lecture respecting the 
office of the analyzing plate. 

The rings of the two systems do not occupy 
the same position, but are transposed ; that is, 
the bright rings of the one system occupy the 
position of the dark rings of the other system. 
The cause of this obvious — the rings of the 
two systems are produced by different rays. 
The two sets of rays which successively pass 
through the tourmaline analyzing plate in its 
two positions, would, if this plate were not in- 
terposed, pas3 simultaneously and produce a 
uniform tint of the same colour as that of the 
incident light. In other words, without the 
analyzer neither cross nor rings would be 
perceived. 

But why, it may be asked, is the maximum 

brilliancy of the rings at the middle of the four 

quadrants ; that is, in lines or directions which 

are equidistant from the two nearest arms of 

p3 
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the cross ? Because, it may be replied, it is at 
these spots that the ordinary and extraor- 
dinary rays (produced by double refraction) are 
equal. On either side of these directions the 
ordinary ray has either a greater or less inten- 
sity than the extraordinary one. 

Iceland spar has, as I have already stated, a 
negative or repulsive axis ; and I shall take this 
opportunity of explaining the method used by 
Sir D. Brewster for distinguishing whether the 
axis of a crystal be positive or negative. Take 
a film of selenite (sulphate of lime), and mark 
on it the neutral axes ; then, by a little wax, 
attach it to a plate of Iceland spar (cut so as to 
show the rings), and place them in the polar- 
iscope. If the film by itself produces the red 
of the second order, it will now, when com- 
bined with the Iceland spar, obliterate part of 
the red ring of the second order in two alter- 
nate and opposite quadrants (either a c and b rf, 
OT ad and b c, figs. 64. and 65.). The line of 
the film which crosses these two quadrants at 
right angles to the rings is the principal axis 
of selenite, and should be marked as such. 
Then if we wish to examine whether any other 
system of rings is positive or negative, we have 
only to cross the rings with the principal axis 
" by interposing the film : and if it obliterates 
the red ring of the second order in the qua- 
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drant which it crosses, the system will be nega- 
tive ; but if it obliterates the same ring in the 
other two quadrants which it does not cross, 
then the system will be positive. It is of no 
consequence what colour the film polarizes, as 
it will always obliterate the tint of the same 
nature in the system of rings under examin- 
ation." 

Plates of tourmaline^ obtained by cutting 
the crystals at right angles to the principal or 
prismatic axes, as described in my^first Lecture 
{fig, 24., p. 58.), present circular rings and a 
cross, when examined by the polariscope. 

Ice belongs to the rhombohedric system. 
The beautiful and regular, though varied, 
crystalline forms of snow may be regarded as 
skeleton crystals of this system. I have here 
depicted {see fig. 70.) a few forms taken from 
Captain Scoresby's work on the Arctic Re- 
gions ; and in them you may readily trace the 
three secondary axes (6 b, cc, d d), placed in 



Mg. 70. 






Crystals of Snow, 
f4 
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the same plane, and inclined to each other at an 
angle of 60°, while the fourth or principal axis 
{a a) is perpendicular to the other three. 

Now, if you take a sheet of clear ice, about 
an inch thick, and which has been slowly 
formed in still weather, and examine it by the 
polariscope, you will readily detect the circular 
rings and cross. The system of rings formed 
by ice is positive or attractive ; and, therefore, 
is of an opposite kind to that of Iceland spar. 

Exceptions. — To the general properties of 
crystals of the rhombohedric system some ex- 
ceptions exist. 

1. In Iceland spar, beryl, and other crystals 
of this system, the rings are not unfrequently 
distorted, owing to irregularities of crystalline 
structure. 

2. Quartz belongs to this system, but its op- 
tical phenomena are very different to those of 
any other crystal, and will be described in my 
next Lecture. 

3. Amethyst is another exception, which I 
shall hereafter describe. 

4. Chabasite (a mineral compound of silica, 
alumina, lime water, and potash) is a rhom- 
bohedral crystal, sometimes endowed with re- 
markable optical properties. " In certain 
specimens of this mineral," says Sir D. Brew- 
ster, " the molecules compose a regular central 
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crystal, developing the phenomena of regular 
double refraction ; but in consequence of some 
change in the state of the solution, the mole- 
cules not only begin to form a hemitrope crystal 
on all the sides of the central nucleus, but each 
successive stratum has an inferior doubly re- 
fracting force till it wholly disappears. Beyond 
this limit it appears with an opposite character, 
and gradually increases till the crystal is com- 
plete. In this case the relative intensities 
of the axes or poles from which the forces 
of aggregation emanate have been gradually 
changed, probably by the introduction of some 
minute matter, which chemical analysis may be 
unable to detect. If we suppose these axes to 
be three, and the foreign particles to be intro- 
duced, so as to weaken the force of aggregation 
of the greater axis, then the doubly refracting 
force will gradually diminish with the intensity 
of this axis, till it disappears, when the three 
axes are reduced to equality. By continuing to 
diminish the force of the third axis the doubly 
refracting force will reappear with an opposite 
character, exactly as it does in the chabasite 
under consideration." 

SYSTEM IV. 

RIGHT PRISMATIC SYSTEM. 

Synonymes, — The right rhombic prismatic^ 
or right rectangular prismatic systerrhy the pm- 
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matic system, the two- and two-memhered or 
one- and one-axed system, the orlhotype system, 
the rhombic or the kolohedric-rhombic system. 

Forms. — In this system are included the 
right rhombic prism, the right rhombic octa- 
hedron, the Tight rectangular prism, and the 
right rectangular octokedron. Rose enumerates 
the following forms as belonging to this system : 

Homohedral. 
I. Forma wlioae faces are 

inclbeil to all three 

axes {Oetokedra). 
% Forms wliose faces are 

inclmed to two axes, 

but are parallel to the 

third (Prwnw). 
3. Forms whose faces are 

inclined to one axis but 

are parallel to the two 

others (Single Planes). 

Fig. 71. 



Hemihedral. 
Rhombic Tetrahedron. 



Right Rectangjdar Prism. 
Right Rhombic Prism. 

a, Prindpal or prismatic 




Right Rednngvlar Octohe- 

I Right Rhombic Octahedron. 
-'- 1 I - - Secondary axes. 
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Crystals. — The simple or elementary bodies 
which crystallize in forms belonging to this 
system are only three, namely, iodine^ native 
sulphur^ and selenium. 

Among the binary compounds we have pyro- 
lusite (binoxide of manganese), white antimony 
(sesquioxide of antimony), bichloride of mer- 
cury^ chloride of barium, orpiment, and grey 
antimony (sesquisulphuret of antim^ony). 

A considerable number of salts belong to 
this system, as the carbonates of leady baryta, 
strontian, potash, and ammonia; the bicarbonate 
of ammonia, and that variety of carbonate of 
lime called Arragonite ; the nitrates of potash, 
ammonia, and siloer ; the sulphates of magnesia, 
zinc, baryta, and strontian, and bisulphate of 
potash; Rochelle salt (tartrate of potash and 
soda) and emetic tartar (tartrate of potash and 
antimony). 

To the above must be added the following sub- 
stances: topaz, dichroite, citric acid, and morphia. 

Properties. — The crystals of this system pre- 
sent the following properties : — They have three 
rectangular axes all of different lengths ; they 
are doubly refracting with two optic axes, and 
are tri-unequiexpanding. Consequently they 
have three rectangular unequal elasticities. On 
the ellipsoidal hypothesis, their atoms are ellip- 
soids, with three unequal axes. 
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They present no crystallographical character 
by which the principal axis can be distin- 
guished from the others called secondary axes ; 
so that in a geometrical point of view the 
choice of this axis is altogether arbitrary. But 
considered optically the principal axis is the 
middle point between the two nearest poles of 
no polarization. It corresponds with what is 
called by Mr. Brooke the prismatic axis ; that 
is, the axis which passes through the centres of 
the terminal planes of the prism. 

If you examine one of the simple or primary 
forms of this system — say this unmodified rec- 
tangular prism (the outer prism of Jig, 71.), 
you observe there is no single line around 
which the figure is symmetrical ; nor any square 
plane, or plane which can be inscribed within 
the circle. But let each of the two opposite 
terminal edges be replaced by a square plane, 
both equally inclined to the prismatic axis, and 
the line which passes through the centre of 
each of these planes will represent the direction 
of one of the optic axes. 

As the crystals of this system have two optic 
axes, they present, when examined by the pola- 
riscope, a double system of rings. In nitre, 
carbonate of lead, and Arragonite the inclination 
of these axes is small ; and, therefore, both sys- 
tems of rings may be seen at the same time. 
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In order to examine these by the polariscope, 
"we must, in the case of the three crystals just 
mentioned, cut slices of them perpendicularly 
to the principal or prismatic axis. But in 
topaz, right prismatic mica, and Rochelle salt, 
the inclination of the optic axes is too great to 
permit both of them to be seen simultaneously; 
and, therefore, only one of them can be seen 
at a time. Consequently, if we examine by 
the polariscope, a plate of any of these crystals, 
cut at right angles to the prismatic axis, we 
must incline it first on one side and then on 
the other, to see successively the two systems 
of rings. To obviate this inconvenience, plates 
of these crystals should be prepared by grinding 
and polishing two parallel faces perpendicular 
to the axis of one system of rings. 

Nitrate of potash^ also called nitre or salt-- 
petre (NOg + KO), is a very instructive crystal 
for illustrating the double system of rings. It 
is usually met with in the form of a six-sided 
prism, with diedral summits. 

For placing in the polariscope, we use plates 
of from -Y^Xh to -^jih. of an inch in thickness, 
cut perpendicular to the prismatic axis. If 
one of these be put in the polariscope in such 
a position that the plane passing through the 
optic axes is in the plane of primitive polariza- 
tion, we shall then perceive a double system of 



222 ON THE POLARIZATION OF LIGHT. 

coloured elliptical or oval rings, intersected by 
a cross ; but the centre of the cross is equi- 
distant from the centres of the two systems of 
rings, so that through the centre of each system 
passes one arm or bar of the cross, the other 
arm being at right angles to the former. When 
the polarizing and analyzing plates are crossed, 
we have a double system of coloured rings, 
with a black] cross {fig. 72.) ; but when the 
polarizing and analyzing plates coincide, we 
have another double system of coloured rings, 
exactly complementary to the first, with a 

white cross (Jig, 73.). 

Fi^s, 72. and 73. 




f/m 










^ 



If when the analyzing and polarizing tour- 
maline plates are crossed, we revolve the plate 
of nitre in its own plane (both the tourmaline 
plates remaining unmoved) the black cross 
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opens into two black hyperbolic curves. When 
the angle of rotation is a quarter of a right 
angle, we have the appearance represented by 
fig. 74. ; when it equals half of a right angle, 
the black arms have assumed the forms of 
fi9^ 75. 

Fig. 74. Fig. 75. 





Here, then, is a remarkable distinction be- 
tween biaxial and uniaxial crystals, for you 
will remember I demonstrated that when the 
imiaxial crystal was rotated in the polariscope, 
the black cross retained its position and shape. 

The variation of form, as well as the general 
figure of the isochromatic lines, resembles thp 
curve called by geometers the lemniscate. The 
inner rings encircle one pole only, but the 
outer ones surround both poles. The number 
of rings which surround both poles augments, 
as we diminish the thickness of the plate of 
nitre, until all the rings surround both poles, 
and the system thus greatly resembles, in ap- 
pearance, the rings of a uniaxial crystal, from 
which, however, they are distinguished by their 
oval form. 
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I have already stated, that in biaxial crystals 
the optic axes for different colours do not co- 
incide. In the case of nitre, the axes for red 
make with each other a smaller angle than the 
axes for blue. That is, the red ends of the 
rings are inward, or between or within the two 
optic axes, while the blue ends are outwards, 
or exterior to the two axes. But as the red 
rings are larger than the blue ones, it follows 
that there are points exterior to the axes where 
all the colours are mixed, or all are absent. 
At these spots, therefore, the rings are nearly 
white and black. Now, if we trace the same 
rings to the positions between the axes, *^ the 
red rings will very much over-shoot the blue 
rings ; and, therefore, the rings have the colour 
peculiar perhaps to a high order in Newton's 
scale." * 

If we attempt to illustrate the mode of for- 
mation of these rings in a way analogous to 
that pursued for the circular rings in uniaxial 
crystals (as at p. 209.), it will be easily apparent 
that no very simple or exact representation of 
that kind can be given on account of the light 
not being here symmetrical with regard to any 
one point. If we investigate the subject ma- 
thematically, the construction may, indeed, be 
readily made out, for which the reader is re- 

* Airy, Mathematical Tracts^ p. 396. 2nd. ed. 1831, 
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ferred to Mr. Airy's Tracts, art. 163. : but it 
would be impossible to convey any distinct 
idea without going into the whole analysis. 
We may, however, give a sort of approximate 
representation of the case by means of the fol- 
lovdng figure, which corresponds to the one for 
uniaxial crystals in page 209. Here the curves 
represented are very nearly, but not accurately. 
Fig. 76. 




confocal ellipses and confocal hyperbolas, o o', 
the portion of the optic axes, are the foci of 
all the ellipses and all the hyperbolas. These 
ellipses and hyperbolas are so described that 
they cut each other at right angles.* 

When the optic axes coincide, the crystal 
becomes uniaxial, and the hyperbolas dege 

* This conatmction was communicated to the Author 
hj a friend in Cambridge. 
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nerate into the radiating Knes in^. 67. page 
209., and the ellipses become the circles of the 
same figure. 

Native crystallized carbonate of lead con- 
stitutes a splendid polariscope object. It is to 
be cut like nitre; that is, perpendicularly to 
the prismatic axis. The optic axes are but 
slightly inclined (about 10^°), and, therefore, 
both of them may be simultaneously perceived. 
The systems of rings have a similar form to 
those of nitre, and, like the latter, the red ends 
of the rings are inwards, the blue ends out- 
wards. 

Arragonite forms an interesting polariscope 
object. It is identical in chemical composition 
with calcareous or Iceland spar, but differs in 
crystalline form: calcareous spar belonging to 
the rhombohedric, Arragonite to the right pris- 
matic, system. According to Gustav Rose, 
both these forms of carbonate of lime may be 
artificially produced in the humid way, but cal- 
cai'eous spar at a lower, Arragonite at a higher, 
temperature. In the dry way, however, cal- 
careous spar alone can be formed. 

The inclination of the optic axes of Arrago- 
nite being small (about 18°) we can easily see, 
at the same time, the two negative systems of 
rings surrounding their two poles, but consider- 
ably more separated than in the case of nitre. 
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For this purpose, a plate of the crystal is to be 
cut perpendicularly to the prismatic axis, that 
is, equally inclined (at about 9°) on each of the 
optic axes. If we rotate the plate of Arragonite 
on its axis in the polariscope, the tourmaline 
plates being crossed and unmoved, the two sets 
of rings appear to revolve around each other. 
By superposing two plates of Arragonite, we 
obtain four systems of rings. 

In Rochelle salt (tartrate of potash and soda), 
the optic axes of the differently refrangible or 
coloured rays are considerably separated. If a 
plate of this crystal, cut perpendicularly to the 
prismatic axis, be inclined first on one side and 
then on the other, both the systems of rings 
may be successively perceived. But to observe 
the separation of the axes for differently co- 
loured rays. Sir J. Herschel directs the plate 
to be cut perpendicularly to one of its optic 
axes. If we view the rings with homogeneous 
light they appear to have a perfect regularity 
of form, and to be remarkably well defined. 
With differently coloured lights, however, they 
not only differ in size but in position. If the 
light be " alternately altered from red to violet, 
and back again, the pole, with the rings about 
it, will also move backwards and forwards, 
vibrating, as it were, over a considerable space. 
If homogeneous rays of two colours be thrown 

ci2 
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at once on the lens, two sets of rings will be 
seen, having their centres more or less distant^ 
and their magnitudes more or less different, 
according to the difference of refrangibility of 
the two species of light employed." 

Tofaz (a fluosilicate of alumina) belongs to 
this system. As the inclination of its optic 
axes is great (about 50°), we can see at once 
only one of its two systems of rings. It slits 
with facility in planes perpendicular to its pris- 
matic axis, and equally inclined to its two optic 
axes. If we take a plate cut perpendicularly 
to the prismatic axis, and incline it first on 
one side and then on the other, we shall see 
successively two systems of oval rings, which 
have been very elaborately described by Sir 
D. Brewster. 

The plates of topaz sold in the opticians' 
shops, for polariscope purposes, have been ob- 
tained by cutting the crystal perpendicularly to 
one of the optic axes ; that is, at an angle of 
about 25° to the prismatic axis. "With these 
we only see one system of nearly circular rings 
traversed by a bar or arm of the cross. We 
observe also, that the optic axes for different 
colours are somewhat separated ; for the red 
ends of the rings are inwards, or within the 
resultant axes, while the blue ends are out- 
wards. 
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The topazes which are cut for optical pur- 
poses come from Australia, and are technically 
known as Nova Minus. They are colourless, 
and remarkably free from flaws and macles. 

Exceptions. — In this system, as in the others, 
we meet with exceptions to some of the state- 
ments above made. 

1. Macled crystals, especially of nitre and 
Arragonite, are very common. Occasionally 
idiocyclophanous crystals of nitre are met with. 
These will be noticed subsequently. 

2. Sulphate of potash is a tesselated or com- 
posite crystal, and such will be described here- 
after. 

3. Some specimens of Brazilian topaz are 
tesselated. 

SYSTEM V. 

OBLIQUE PRISMATIC SYSTEM. 

Synonymes. — The two^- and one-membered 
system, the hemiorthotype system-, the monokli- 
nohedric system, or the hemihedric-rhombic sys- 
tem. 

Forms. — To this system belong the oblique 
octohedron with a rectangular base, the oblique 
rectangular prism, the oblique octohedron with 
a rhombic base, and the oblique rhombic prism. 
Mr. Brooke's right oblique-angled prism is re- 
ferred to this system. 

Q 3 
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Kose makes no distinction between the bcnao- 
hedral and hemihedral forms in this system; 
but enumetates the following as the forms of 
the system : 

1. Forms whose focea are inclined to all the three axes 
(Oelohedra). 

2. Forms whose faces are inclined to two axes, and 
are parallel to the third axis (^Pritms), 

3. Forms of which the faces are inclined towards one 
axis and parallel to the two others. 

Fig. 77. 




Oblique lUcbtngvlar Prism, Oblique Rhombia Priitn, 
I Oblique Rectangvlar Oclokedrtm, and Oblique Shombie 
Octahedron. 
a, a. Principal or prismatic axia. 6 b, cc. Secondary axes. 
Crystals. — To this system belong the crys- 
tals of sulphur, when obtained by alow cooling; 
realgar (red sulphuret of arsenic), and red anti- 
mony (native Kermes). 

A considerable number of salts belong here 
also : as the sulphates of soda, lime (selenite), 
and iron ; carbonate and sesquicarbonate (trona) 
of soda, bicarbonate of potash, chlorate of pot- 
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ashf phosphate of soda, borax (tincal), the ace^ 
tates of soda, copper^ zinc and lead, binacetate 
of copper, binoxalate of potash, Glauberite (sul- 
phate of lime and soda,) and chromate of lead. 

To this system are also referred oblique pris^ 
matte mica (one of the kinds of diaxial mica de- 
scribed by Count de Bournon), tartaric and 
oxalic acids, sugar candy, and the crystals from 
oil of cubebs. 

Properties* — The forms of this system have 
three axes, all of which are unequaL Two of 
them cut one another obliquely, and are per- 
pendicular to the third. From the forms of 
the preceding system they are distinguished by 
this obliquity of two of their axes. As the 
three axes are unequal, it is indifferent which 
we take for the principal axis; but one of the 
inclined axes is usually selected, because, in 
general, the crystals are extended in the direc- 
tion of one of these, so that in most cases the 
faces which are parallel to this axis greatly 
predominate. This axis, therefore, corresponds 
with that which Mr. Brooke calls the prismatic 
axis. The other two axes are called secondary 
axes, the one which is oblique being termed 
the first secondary axis; the other, which is 
perpendicular to it, being denominated the 
second secondary axis. 

The crystals of this system are doubly re- 
ft 4 
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fracting .with two optic axes. They are tri- 
unequiexpanding, and tri-unequiaxed. On the 
ellipsoidal hypothesis their atoms are assumed 
to be ellipsoids with three unequal axes. 

In the opticians' shops, plates, cut from se- 
veral crystals of this system, are sold for show- 
ing, in the polariscope, the systems of lemnis- 
cates. They are usually cut perpendicularly 
to one of the optic axes ; and, therefore, show 
but one system of rings traversed by a ban Of 
these I shall notice three. 

Borax deserves especial notice, on account 
of its optic axes for the different homogeneous 
colours lying in different planes, a fact for the 
knowledge of which we are indebted to Sir John 
Herschel. As in other biaxial crystals it will 
be observed that the rings, or lemniscates, are 
traversed by only one bar or arm of the cross. 
In the next place it will be perceived, that the 
axes for red light make a greater angle with 
each other than the axes for blue or purple ; 
hence, unlike nitre and carbonate of lead, the 
red ends of the rings are outwards, while the 
blue ends are inwards. This fact, however, 
only proves that the axes for different colours 
do not coincide : it does not show that they lie 
in different planes. But if, the tourmaline 
plates being crossed, the plate of borax be 
placed at such an azimuth that the bar or arm 
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of the black cross distinctly traverses the centre 
of the system of lemniscates, and leaves an in- 
terval perfectly obscure, we shall then see that 
the arm of the cross is not straight, as in nitre 
{fig. 72.), but has a hyperbolic form. The 
reason of this difference is obvious : in nitre all 
the axes lie in the straight line or plane, while 
in borax they are disposed obliquely, or in dif- 
ferent planes. 

Selenite is sometimes cut to show one of its 
two systems of rings. I have already described 
this crystal, and demonstrated the uniform tints 
produced by films of selenite of equal thickness. 
To show the rings the crystal must be cut at 
right angles to one of its optic axes. 

Stbgar-candy makes an interesting polari- 
scope object. This crystal is also cut perpen- 
dicular to one of its optic axes, and, therefore, 
shows only one of its two systems of rings. 

Exceptions. — Owing to irregularities of crys- 
tallization, the rings of some of the crystals of 
this system are often seen more or less dis- 
torted. Macled selenite is very common, as I 
have before mentioned. Sir John Herschel 
states, that idiocyclophonous crystals of bicar^ 
bonate of potash are frequent. I shall hereafter 
notice them. 
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DOUBLY OBLIQUE PRISMATIC SYSTEM. 

Synonymes. — The one- and one-membered, 
the anortJiotype, the trUcHnoAedric, or the tetar~ 
tohedric-rkombic system. 

Forms, — To this system belong the doubly 
oblique octahedron and the doubly oblique prism. 
Rose makes no distinction of homohedral and 
hemihedral forms; but arranges the forms of 
this sjatem as follows : 

1. Forms whose faces are inclined to all the three axea. 
(Octohedra). 

2, Forms whose faces are inclined to two axes, and are 
parallel to the third. {PrifToi). 

S. Forms which have their faces JDclIned towards one 
axis aalj. These forms are the faces of truncatioD of 
the three kinds of angles of the octohedron. 
Fig 78 




Two Doubly Oblique 'Priams, and tmo Dot^ly OMiqat 

Octohedra, 
a a, The principal axis, bb.ce, The secondary axes. 
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Crystals. — The most important substances, 
whose crystaUine forms are referable to this 
system, are boracic acid, sulphate of copper*, 
nitrate of bismuth, sulphate of cinchonia, qua- 
droxalate of potash, and gallic acid. 

Properties. — The forms belonging to this 
system have three axes all unequal and oblique- 
angular to one another; they are doubly re- 
fracting, with two optic axes ; and they are tri 
unequiexpanding. Consequently they have 
three unequal elasticities. 

Of the three axes just referred to, one is 
taken for the principal axis, the other two for 
the secondary axes; but, geometrically consi- 
dered, the selection is altogether arbitrary. 
The principal axis coincides with Mr. Brooke's 
prismatic axis. 

The forms of this system," says G. Rose, 

have not symmetrical faces. All the faces 
are unique, so that this system is the one which 

* Mr. Brooke (art. Mineralogy in the Encycloptjedia 
Metropolitana), says, that the primary form of sulphate 
of copper is an oblique rhombic prism, and Mr. B. 
Phillips (^Translation of the Pharmacopoeia^ p. 237., 4th 
edit., 1841) has adopted Mr. Brooke's statement. If 
this be correct, sulphate of copper of course belongs to 
the oblique prismatic system, and not to the doubly ob- 
lique prismatic system. I have, however, referred it to 
the latter system, on the authority of Gustav Hose, and 
most of the other eminent German crystallographers. 
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differs the most from the regular or cuhic 
system, in which we find the greatest sym- 
metry, on account of the equality and perpen- 
dicularity of the axes." It is sometimes ex- 
ceedingly difficult to distinguish the forms of 
this system. " The doubly oblique prism," 
observes Mr. Brooke, " will be found the most 
difficult of all the primary forms to determine 
from its secondary crystals. It is distinguish- 
able from all other forms, when its crystals are 
single, by the absence of symmetrical planes 
analogous to those of other prisms ; but it very 
frequently occurs in hemitrope or twin crystals, 
which must resemble some of the forms of the 
oblique rhombic prism, and can then be dis- 
tinguished only by some re-entering angle or 
other character on the surface of the crystal.'* 

Sulphate of copper (Cu O. S O3. 6 Aq.) is 
sometimes cut to show the two sets of rings or 
lemniscates of this system ; but the blue colour 
of the crystal destroys their brilliancy. 



MACLES AND COMPOUND CRYSTALS. 

I have now arrived at the last part of my 
subject, viz., the consideration of the optical 
properties of those remarkable crystalline struc- 
tures commonly known by the name of macles, 
a term introduced into mineralogy by Rom^ 
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de Lisle. Sometimes these structures appear 
to consist of one crystal, whose parts are trans- 
posed, dislocated, or displaced. When one- 
half of the crystal appears to have been turned 
partly round on an imaginary axis, passing 
through the centre of the crystal, and perpen- 
dicularly to the plane of section, and to have 
been united to the other half in this position, 
the body thus produced has been called the 
hemiirope (from ^ftt half and rpiirco I turn). 
Of tliis arrow-headed selenite is a familiar 
example. Sometimes two or more crystals are 
found intersecting each other, and are then 
called intersecting crystals. When two crys- 
tals are joined, they form the structure called 
a twin or double crystal. 

Many or most of the forms I have now re- 
ferred to are irregular, and might appear to be 
accidental. But there are some others which 
have great regularity, and cannot be ascribed 
to accident. Such are some specimens of apo- 
phyllite and sulphate of potash. They constitute 
what Dr. Brewster has termed tesselated or 
composite crystals ; the real structure of many 
of which is only discoverable by the aid of po- 
larized light; they consist of several crystals, 
or portions of crystals, juxtaposed, or united 
so as to form a compound crystal, the figure 
of which is very difierent from that of the crys- 
tals composing it. 
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Maded crystals of aitre or Arragonite are 
very common, and frequently their precise 
structure is undiscoverable by the naked eye. 

In quartz we often find right and left-handed 
crystals intersecting each other. 

Amethyst {by many mineralo^sts considered 
to be a variety of quartz) is a remarkable 
example of a combination of right and left- 
handed varieties of quartz. If a plate of 
amethyst, cut perpendicularly to the principal 
axis of the crystal, be examined by the pola- 
riscope, it presents a striped or fringed appear- 

F^ 79. 




Section of the Pyramid and Part of the Prism of Antethytt. 
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ance^ variegated with the most gorgeous and 
brilliant tints* This is owing to its being com- 
posed of alternate minute strata of right and 
left-handed quartz, whose planes of polariza- 
tion are parallel to the principal axis of the 
prism. 

Topaz sometimes presents a remarkably 
composite structure. It belongs to the right 
rhombic system, and presents, when regularly 
formed, two systems of rings. Cut at right 
angles to the axis it often presents a central 
rhomb, " surrounded by a border in which the 
optic meridians of the alternate sides are in- 
clined at a quarter of a right angle to that of 
the central compartment, and half of a right 
angle to each other. In consequence, when 
such a rhombic plate is held with its long dia- 

Fig. 80. 




Topaz, 

gonal in the plane of primitive polarization, 
two opposite sides of the border appear bright, 
the other two black, and the central compart- 
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ment of intermediate brightness. Such speci- 
mens often present the phenomena of dichroism 
in the central compartment, while the border 
is colourless in all positions."" 

Sulphate of potash is composed of six crys- 
tals belonging to the right prismatic system, 
joined so as to form a single or double six- 
sided pyramid, and simulating the crystals of 
Fig, 81. 




Sviphote of PotoMh. 
the rhombohedric system. When, therefore, 
we put a slice of it, cut at right angles, to the 
axis of the pyramid, in the polariscope, we 
observe not a circular cross of rings, but a 
tesselated structure. 

One variety of apophyllite, called tesselHte, 
presents a remarkable structure of the same 
kind ; but its phenomena are still more extra- 
ordinary. ApophyUite is composed principally 

* Herechel, Enege. Metrop. 
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of silicate of lime, with a little silicate of potash. 
It crystallizes in right square prisms. Plates 
Fig. S2. cut transversely to the axis, 
and examined by polarized 
light, appear to consist of nine 
crystals contained within a 
number of parallel veins or 
plates. The central crystal 
has only one axis of no double 
Testelile or TesM- refraction, the others two. 
laied ApophyilUe. (See p. 199.). 
jirtalcime or Cubizite is another remarkable 
crystal. It consists principally of silicate of 
alumina with silicate of soda. It crystallizes 

Fig. 84. 
Fig 83 





in the form of the cube, or some form allied to 
this, as the icosa tetrahedron. Instead of being 
without double refraction, as cubical crystals 
usually are, it presents a number of planes of 
no double refraction. It is, therefore, a cocu- 
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pound crystal, that is, is composed of a number 

of crystalline parts disposed symmetrically. 
(Seep. 194.) 

And here also may be noticed what has been 
called interrupted Iceland spar. Some speci- 
mens of Iceland spar give four or even more 
images, which sometimes exhibit complementary 
tints. They owe this property to the presence 
of one or more intersecting or interrupting 
films or strata of the same substance, placed 
perpendicularly to the short diagonal of the 
faces of the crystal. This film acts like the 
depolarizing plate in the polariscope, while the 
two portions of the crystal between which it 
is placed, act, the one as the polarizer, the 
other as the analyzer of the polariscope. Crys- 
tals like these, which thus exhibit their colours 
and rings per se, that is, without the polari- 
scope, have been called by Sir John Herschel 
idiocy clophanous (from <§<oj proper^ xvyc\o$ a 

Fig. 85. 




O colour. 

£' complementary. 

£ complementaxy. 
O ' colour. 



Idiocy clophanous Crystal of Calc Spar, 
circle, and (fulvco I appear)* Similar pheno- 
mena are sometimes exhibited by crystals of 
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fiitre, and still more frequently by bicarbonate 
of potash. Suppose the crystal to be made 
up of three pieces, or polarizer^ depolarizer, 

Fig. 86. 



Polarizer Depolarizer 



Analyzer 




and analyzer, the modifications of the ray may 
be represented by this diagram. These inter- 
fere in two, and produce four figures ; two of 
one colour, and the other two of one colour, 
but complementary to the first two. 

COLOURED POLARIZATION IN ELLIPTIC AND 
CIRCULARLY POLARIZED LIGHT. 

Thus far we have spoken only of the colours 
developed in crystals by plane polarized light. 
It will be necessary now to advert to the 
corresponding phenomena when the light is 
circularly or elliptically polarized, in which 
case the systems of rings undergo some remark- 
able modifications. 

If a ray of circularly polarized light be 
transmitted through a thin film of a doubly 

B 2 
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refracting crystal, and the emergent light be 
analyzed by a doubly refracting prism, two rays 
of complementary colours are produced. 

In this character, circularly polarized light 
is decidedly different to common or unpola- 
rized light, which when submitted to the same 
examination presents no colour. Rectilinearly 
polarized light, however, agrees with the cir- 
cular light in producing complementary tints ; 
but they are not the same in the two cases ; 
those produced by circular light differing from 
those of rectilinear light by an exact quarter 
of a tint, either in excess or defect, as the case 
may be. 

To illustrate these facts, place a film of sele- 
nite, of uniform thickness, in the polariscope, 
and observe the tint which it yields by recti- 
linearly polarized light. Then interpose, be- 
tween the polarizing plate a^d the selenite 
film, a circularly polarizing apparatus (as Airy's 
mica plate, pr Fresnel's rhomb), and the tint 
seen by the analyzer immediately changes. 

If a plate of calcareous spar, cut to show 
the circular rings and cross by rectilitiearly po- 
larized light, be placed in the polariscope, and 
circularly polarized light be used, we observe 
a system of rings and a cross (^fig. 87.), but 
which are very different to those seen by recti- 
linearly polarized light. 
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The rings are divided into quadrants by tbe 
cross, every other quadrant being similar, while 
the adjacent ones are dissimilar. The rings 
appear to be abruptly and absolutely dislocated. 
Fig. 87, those in the two alternate 
quadrants being pushed out- 
. wards or from the centre, by 
A 1^ of an order, and those of the 
Tintermediate quadrants being 
' aa it were pulled inwards by ^ 
of an order. Instead of a 
Bingi andCroM of hlack cross, we have a luminous 
bt£Z£^^^-°^^^ tlie. intensity of its light 
rhed light. being uniform, and about equal 
to the mean intensity. If the plane of inci- 
dence pass through 135° and 315°, the pheno- 
mena of adjacent quadrants are exactly inter- 
changed. But the most important difference 
produced by circularly polarized light, is, that 
no alteration is made by turning the analyzing 
plate round the incident ray. 

If a plate of a biaxial crystal, as of nitre, be 
examined by circularly polarized light, we ob- 
serve the double system of rings, hut the black 
cross disappears. Every alternate semicircle 
of rings presents the appearance of dislocation. 
The origin of the tints produced by circu- 
larly polarized light have been so clearly and 
concisely explained by Sir John Herschel, that 
I cannot do better than use his words : 
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" When/* says this eminent philosopher, 
" a ray propagated by circular vibrations is 
incident on a crystallized lamina, it may b6 
regarded as composed of two; one polarized 
in the plane of the principal section, the other 
at' right angles to it, of equal intensity, and 
differing in phase by a quarter undulation. 
Each of these will be transmitted unaltered; 
and, therefore, at their emergence, and sub- 
sequent analysis, will comport themselves, in 
respect of their interferences, just as would do 
the two portions of a ray primitively polarized 
in azimuth 45°, and divided into two by the 
double refraction of the lamina ; provided that 
a quarter undulation be added to the phase of 
one of these latter rays. Now, such rays will 
produce, by the interference of their doubly 
refracted positions, the ordinary and extra- 
ordinary tints due to the interval of retardation 
within the crystallized lamina* Hence, in the 
present case, the tints produced will be those 
due to that interval, plus or minus the quarter 
of an undulation added to, or substracted from, 
the phase of one of the portions; and, conse- 
quently, will differ one-fourth of a tint in order 
from that which would arise from the use of a 
beam of ordinary polarized light, incident in 
azimuth 45"^ in the lamina." 

In certain media circularly-polarized light 
gives rise to very peculiar effects. If a ray 
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of citcularlyi-polarized light be transmitted 
through a, column of syrup or oil of turpentine^ 
lemon, &c., and then analysed, either by a 
Nichol's prism, or a doubly-refracting prism, 
no colour is produced ; for the circular wave is 
propagated along the liquid without suffering 
subdivision, and, therefore, at its emergence 
no colour can be produced by the analyzer. 

In this character circularly-polarized light 
agrees with common or unpolarized light, but 
differs from plane polarized light. 

" Circularly-polarized light," says Fresnel, 
" differs from polarized light in not sensibly 
developing colours in plates of quartz perpen- 
dicular to the axis." According to the wave 
hypothesis this ought to be the case ; for " a 
ray propagated by circular vibrations, when 
incident on rock cr}^stal in the direction of the 
axis, will (by hypothesis) be propagated along 
it by that elasticity which is due to the direc- 
tion of its rotation, the wave then will enter 
the crystal without further subdivision, and 
there will be no difference of paths or inter- 
fering rays at its emergence ; and, of course, 
no colours produced on analyzing by double 
refraction." 

I confess, however, I have not been able 
precisely to verify this statement, though, I 
doubt not, my failure has arisen from some 

B 4 
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defect in the apparatus used to produce cir- 
cular polarization. I have always found a very 
feeble tint of colour in the axis. As Mr. 
Airy has very accurately described the pheno- 
mena which I myself have repeatedly seen, I 
prefer quoting his words * : 

" If circularly-polarized light pass through 
the quartz, on applying the analyzing plate, in- 
stead of rings, there are seen two spirals mutu- 
ally enwrapping each other (as in fig. 88.). If 
Fig. 88. the [Fresnel's] rhomb be 

placed in position 135®, 
the figure is turned 
through a quadrant. If 
the quartz be left hand- 
edf ,the spirals are turned 
in the opposite direction. 
The central tint appears 
to be white. With the 

Spirals of Qmrtz, ^homb which I have com- 

prodticed hy circularly' i / i • i. • r 

polarized light. monly used (which is ot 

plate glass, but vrith the angles given by Fres- 

nel for crown-glass), there is at the centre an 

extremely dilute tint of pink : I think it likely 

that this arises from the error in the angles, as 

the intensity of the colour bears no proportion 

to that in other parts of the spiral." 

* Cambridge Transactions^ 1831. p. 8. 
t This distinction will be fully explained in a subse- 
quent Lecture. 
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If a plate of right-banded quartz be super- 
posed on a plate of left-handed quartz of equal 
thickness, and examined by circulaily-polarized 
light, the left-handed slice being nearer to the 
polarizing plate, we observe by means of the 
analyzer four spirals (proceeding from a black 
cross in the centre), which cut a series of circles 
at every quadrant. At some distance from 
the centre the black brushes are seen. If the 
rigbt-handed slice benearerthepolarizingplate, 
the spirals are turned in the opposite directions. 
[The Golouredringsincalc spar produced in el- 
liptically polarized light pre- 
sent some singular modifica- 
> tionsofform. When the ellip- 
Vticity approaches near to being 
Bcircular, their general form 
" approaches that represented 
before {in Jiff, 87.) ; when the 
ellipticity is more eccentric, 
the rings assume a more peculiar but still dislo- 
cated appearance ; which is in general repre- 
sented in the figure (89.). 

These modifications are all represented by the 
forms assumed by the analytical expressions 
derived from the undulatorj theory ; both for cir- 
cularly • and elliptically f polarized light. 
• Air/B Tract, art. 160. 

t Airy'a paper on Quarti. &c. Comb. Traru., 1831. 
See also Phil Trcaa., 1843. pt. i. p. 42. 
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One peculiar appearance presented when the 
analyzer is at half right-angles to the plane of 
incidence, is that of a distortion of the figures 
of the quadrants, as well as dislocation. This 
was first deduced from the same formulas by 
Prof. Powell.* 

In the same paper there is described and 
figured the most convenient form of appara- 
tus for experiments in elliptic polarization by 
reflexion from metals, &c. 

In all elementary works it has been usual 
to draw the distinction that plane polarized 
light reflected from metallic surfaces, and from 
these only, becomes elHptically polarized. 

The experiments of Sir D. Brewster require 
this to be extended to the case o{ metallic ores. 
It has also been extended to films of oxide, 
&c., on the surfaces of metals, in which (as in 
Nobili's films, &c.) the degree of ellipticity 
goes through some singular changes, which are 
detailed in the paper by Prof. Powell before 
referred to.-f- 

In that paper (p. 38.), it was also announced 
(as is believed for the first time), that elliptic 
polarization was procured by reflection from a 
surface not decidedly metallic; or, at least, 
containing the most minute proportion of 

* PhU. Trans. 1845, pt. ii. p. 272. 
f Phil Trans, 1843, pt. i. 
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metal, viz., Plumbago ; and still more remark- 
ably in a substance containing no metal what- 
ever, viz., Indian ink; both, however, consisting 
of carbon.'^ 

This idea was followed out to a much more 
remarkable extent in the experiments of Mr. 
J. A. Dale, M. A., of Balliol College, Oxford, to 
which due justice has not been done, and of 
which there exists no better account than a 
brief abstract in the Proceedings of the British 
Association, f 

Mr. Dale has there shown, that chromate of 
lead, litharge, indigo, realgar, diamond, sul- 
phuret of zinc, glass of antimony, sulphur, 
tungstate of lime, carbonate of lead, hyacinth, 
arsenious acid, as well as a few other minerals 
in a less degree, all possess the property of 
giving elUptically polarized light by reflexion ; 
and he has connected these facts with the con- 
dition that all these are substances of very high 
refractive power, and has thus connected them 
directly with the case of metals, in which that 
power is extremely high : or has established 
the general and important law, that elliptic 
polarization by reflexion is in all cases occa- 
sioned simply by the high refractive power of 
the substance, and in some determinate ratio to 
its amountJ] 

* Brit. Assoc. 1846, Sec. Proc. p. 4. 
t Report, 1846, Sec. Proc. p. 5. 
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LECTURE IV. 

ON ROTATORY POLARIZATION. 

This curious branch of the subject originated 
in the observation of a peculiar modification 
which polarized light undergoes in passing 
through quartz (some of whose peculiar pro- 
perties have been already referred to), first 
made by M. Arago, the distinctive characters 
and properties of which it will now be our object 
to explain. 

[It should first be observed that this property 
has been sometimes called "circular polariza- 
tion ; '* but there is some confusion involved in 
this designation, the same term having been 
used in a different sense, as we have before 
explained. The term " rotatory " polarization 
has been used by others, and is clearly pre- 
ferable, as, while it avoids the ambiguity, it in 
fact more clearly describes the phenomenon. 

In the present instance the property of 
rotatory polarization may be best conceived in 
theory by supposing a ray plane polarized, but 
in which, at successive distances along its di- 
rection, the plane of polarization deviates from 
its original direction and is twisted round in 
the form of a screw or helix. Here the entire 
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form of the ray in sensible lengths resembles 
that of the wave in infinitesimal distances in 
circularly*^o\dinzedi light ; but the whole case 
is essentially distinct, and must be carefully 
kept so in the apprehension of the student. 
The directions of the successive planes of po- 
larization may be familiarly represented by the 
edges of the steps in a corkscrew staircase. 
Here the vibrations are plane^ but the plane of 
the wave becomes a twisted %\}xi2iCQ\ in circular 
polarization the vibrations themselves are cir- 
cular, and there is no plane of polarization.] 

Among the varieties of quartz there are 
found to be two classes in which this property 
is differently characterised, distinguished by its 
manifesting itself in opposite directions, and 
called dextro-gyrate, or right-handed, and laevo- 
gyrate or left-handed. Unfortunately, writers 
are not agreed in the application of these 
terms, whence much ambiguity has arisen : 
what Biot terms left-handed is named by Her- 
schel right-handed rotation, and vice versa. 
There is, however, no difference in the facts, 
but only in the designation. If, on turning 
the analyser from left to right, the colours 
descend in the order of Newton's scale — that 
is, succeed each other in the order of the 
colours of their plates, reckoning from the cen- 
tral black as the highest point — Biot desig- 
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nates the polarization as right-handed, or +, 
or / ; whereas, if they descend in the scale by 
turning the analyser from right to left, he terms 
it left-handed, or — , or *4. 

Sir J. Herschel, on the other hand, supposes 
the observer to look in the direction of the 
ray's motion. " Let the reader," he observes, 
"take a common corkscrew, and, holding it 
with the head towards him, let him use it in the 
usual manner as if to penetrate a cork. The 
head will then turn the same way with the 
plane of polarization as a ray in its progress 
from the spectator through a right-handed 
crystal may be conceived to do. If the thread 
of the corkscrew were reversed, or what is 
termed a left-handed thread, then the motion 
of the head, as the instrument advanced, would 
represent that of the plane of polarization in a 
left-handed specimen of rock crystal," 

I shall adopt Biot's nomenclature, and de- 
signate the polarization right-handed or left- 
handed, according as we have to turn the ana«o 
lyzing prism to the right or to the left to obtain 
the colours in the descending order. 

The term quartz, the etymological origin of 
which is not clearly made out, is applied to 
some of the crystalline forms of silica. The 
transparent variety, called rock or mountain 
crystal, is the kind used for optical purposes. 
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Very perfect transparent crystals are found 
near Bristol and in. Corn wall, and are called 
Bristol or Cornish diamonds. The opticians 
cut some of the most limpid and large crystals, 
which usually come from the Brazils, for 
making lenses for spectacles and eye-glasses, 
and which they denominate pebbles. 

Fig8.90 and 91. 
Ordinary Crystals of Quartz. 



A 



^ 




Different Modes of slitting Quartz for Optical Purposes : 
a 0, Plates transverse to the prismatic axis, for show- 
ing (in the polariscope) the system of circular rings 

0%^. 92.). 

b bj Plates cut obliquely to the axis, for showing the 
straight bands. 

c c, Wedges for making Wollaston's quartz doubly 
refracting prisms. 

Quartz belongs to the rhombohedric system. 
Its most common form is the six-sided prism, 
terminated by six-sided pyramids (^^r. 90.). Its 
fracture is conchoidal. 

Now, as quartz belongs to the same system 
of crystals to which Iceland spar belongs, it 
might be expected that when we place a plate 
of it, ciit perpendicularly to its principal or 
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prismatic axis (Jiff. 91. a,a), inthepolariscope, 
we should observe tlie cross and a system of 
circular rings, as in the case of Iceland spar 
and other crystals of the rhombohedric system. 
But this is not the case. We do, indeed, ob- 
serve a system of rings, but the centre of the 
la is wanting (Jig. 92.). 
Instead of the cross within 
the inner ring we observe a 
I uniform tint, the colour of 
I which changes when the ana- 
lyzer is revolved ; and, in suc- 
cession, a series of colours Is 
brought imo view. But the order of suc- 
cession (supposing the direction or revolution 
of the analyzer to remain the same) varies in 
different crystals. Thus, suppose we turn the 
analyzer right-handed, that is, as we screw up, 
the colours succeed each other, with a certain 
thickness of the crystal, in this order, — red, 
orange, yellow, green, purple, red again, and so 
on, in the ascending order of Newton's scale, on 
the colours of thin plates, before given.* In 
other specimens this order will be reversed. 
So that, to obtain the same order of succession, 
the analyzer must he turned in the one case 
right-handed, or as we screw up, in the other 
lelt-handed, or as we unscrew. This will be 
• See p. 41. 
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rendered more obvious by the following dia- 
grams: 



Fig. 93. 
RigJit'Jianded, 



Fig. 94. 
Left-handed. 



Red. 



Red. 




Dark Purple. 




Red. 



Red. 



In each of these diagrams the arrow shows 
the direction in which the analyzer is to be 
rotated, in order to obtain the spectral tints in 
the ascending order of tints, which in this in- 
tance belong to the third order of Newton's 
scale. 

Hence those specimens of quartz which pre- 
sent the colours in the descending order by a 
right-handed rotation of the analyzer, are de- 
nominated dextrogyrate, or right-handed quartz ; 
while those which present them by a left- 
handed rotation are called Icevogyrate, or left- 
handed quartz. 

Between these two varieties there has been 
discovered by Sir John Herschel another differ- 
ence. In that form of quartz termed by 
Haiiy plagiedral (from 'kKot^ios oblique^ and 
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SSpa a base), it has been found that when the 
Fig. 95. unsymmetrical or plagiedral faces 
(fig, 95. x) lean to the right, the po- 
larization is right-handed, and, vice 
versd, when they lean to the left the 
polarization is left-handed. So that 
the cause, whatever it may be, which 
determines the optical phenomena, is 
Plagiedral ^^jg^ connected with the production 

of the plagiedral faces. 
If, instead of using white light in our ex- 
periment, we employ homogenous light, we 
find the plane of polarization of the incident 
rays is turned or made to rotate either to the 
right or left, according as the quartz plate is 
either right-handed or left-handed. This ro- 
tation of the plane of polarization of the in- 
cident ray is proportional to the thickness of 
the plate. The colours produced by thin plates 
are broader and less numerous than those pro- 
duced by thick plates. If two plates be super- 
posed, the effect is very nearly the same as 
that produced by a single plate whose thickness 
is either the sum or the difference of the thick- 
nesses of the two plates, according as they are 
of the same kind (that is, both either right- 
handed or left-handed), or of opposite kinds 
(that is, one right-handed, the other left- 
handed). Thus, if the rotation of the red rays, 
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effected by a plate of quartz of ^ jth of an inch 
thick be equal to 17^°, that produced by two 
superposed plates of equal thickness, taken 
from the same crystal, will be 2xl7i°=35°. 
On the other hand, if we combine a plate of 
right-handed quartz of ^/jth of an inch thick 
with a plate of left-handed quartz of ^jths of 
an inch thick, the same effects are produced as 
if we had employed a left-handed plate of aV^'^^ 
of an inch thick. When the thicknesses of the 
two dissimilar plates are equal, " the plates, 
of course, destroy each other's effects, and the 
system of rings with the black cross will be dis- 
tinctly seen." {Brewster.) 

The rotation of the plane of polarization in- 
creases with the refrangibility of the rays. 
Thus it is greater with violet than with blue, 
with blue than yellow, and with yellow than 

red. 

Homogeneous Ray, Arc of Rotation. 

Extreme Red 17° 29' 47'" 

Limit of Red and Orange 20° 28' 47'^ 

" Orange and Yellow 22° 18' 49" 

" Yellow and Green 25° 40' 31" 

" Green and Blue 30° 2' 45" 

" Blue and Indigo 34° 34' 18" 

" Indigo and Violet 37° 51' 58" 

" Extreme Violet 44° 4' 58" 

I come now to the explanation which the 
wave hypothesis offers of these phenomena. 

When the light, rectiline^rly polarized by 

s2 
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the first tourmaline plate, is incident on the 
quartz plate, it suffers double refraction. To 
prove this, Fresnel contrived a combination of 
a right-handed prism, and two halves of a left- 
handed one, by which he doubled the separa- 
tion of the two rays, and in this way managed 
to demonstrate the actual existence of double 
refraction in the principal or prismatic axis of 
quartz. This is a most remarkable fact. In 
the principal or prismatic axis of every other 
known crystal of the rhombohedric system, 
double refraction does not exist. 

But the two rays thus obtained differ in 
their properties from those produced by Ice- 
land spar ^nd other doubly refracting crystals ; 
for while the latter are .rectilinearly polarized, 
those of quartz are circularly polarized. Now 
every circularly-polarized ray is equal to two 
rectilinearly polarized waves, differing in their 
progress an odd number of ^ undulations. It 
follows, therefore, that the two circularly po- 
larized waves are equal to four rectilinearly 
polarized waves. Hence, then, to explain the 
phenomena, we must assume that the recti- 
linearly polarized ray (which I shall call R) 
incident on the quartz, is resolved into two 
others (A and B) of equal intensity, the one 
(A) polarized in a plane 45° inclined to the 
right, the other (B) 45° inclined to the lefi of 
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the plane of polarization of the primitive ray 
(R), Let us further conceive that each of the 
two rays (A and B) is resolved into two other 
rays, namely, A into Aa and A6, and B into 
Bo and B6. Aa and A6 are polarized in one 
plane, viz., + 45°, while Ba and Bb are pola- 
rized in another plane, viz., — 45°. Aa and Ba 
have each their phases advanced, or + ^ un- 
dulation, while Ab and Bb have each their 
phases retarded, or — ^ undulation.* Now, if 
we suppose these four rays to he combined 
two and two in a cross order, we shall have 
resulting two circularly polarized rays, one 
right-handed, the other left-handed. Thus Aa 
and Bb combine to form a left-handed ray, 
v^rhile Ab and Ba form a right-handed one ; for 
when the advanced system of waves has its 
plane of polarization to the right of that of 
the retarded system, the ethereal molecules 

* " It results from the laws of interference," says 

Fresnel, " that a system of waves, polarized rectilinearly, 

may be replaced by two others, polarized at right angles 

to each other, and coinciding in their route ; and that 

for each of these we may substitute two other systems of 

waves having the same plane of polarization, but the one 

advanced, the other retarded |th of an undulation ; and 

thus separated :ith of an undulation. In this way are 

obtained four systems of waves of equal intensity, of 

which two, polarized at right angles to each other, are 

^th of an undulation behind the two others polarized in 

the same planes." 

s3 
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rotate from right to left ; whereas they rotate 
from left to right when the first plane is to the 
left of the second. 

These two circularly polarized rays are pro- 
pagated along the axis of quartz with unequal 
velocities. In right-handed quartz the right- 
handed ray is transmitted with greater velocity, 
in left-handed quartz with lesser velocity than 
the left-handed ray; and thus at their emer- 
gence one is in advance of the other. If the 
surface of egress or ingress be oblique to the 
axis, tlie two circularly polarized rays will 
emerge in different directions; but if it be 
perpendicular (as in the experiment under ex- 
amination) they will emerge superposed, and 
will compound a single ray polarized in a 
single plane. Now this plane is removed from 
the plane of primitive polarization by an angle 
proportional to the interval of retardation 
(therefore, proportional to the thickness of the 
crystal) and to the refrangibility of the ray. 

Thus, then, the differently coloured rays 
emerge from the quartz plate polarized in dif- 
ferent planes ; hence, by rotating the analyzer, 
they are successively transmitted and brought 
into view. 

The following diagram may, perhaps, serve 
to render more intelligible the explanations of 
the action of a plate of quartz, of one milli- 
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metre (0-03937 of an English inch) in thick- 
ness, on the incident rectilinearly polarized red 
light. 



Incident 
Red Ray. 
Plane of 
^larization 



Plane of 
Polarization. Phase. 






+45° [Ai4-45°— i^ 



B rBi— 45°— J 
-45° \ 

[Ba— 



45°+i -- 




Left-handed cir- 
cularly polar- 
ized Kay. 



Right-handed 
circularly po- 
larized Ray. 



Emergent 

Red Ray. 

Plane of 

Polarization 

171°. 



A succession of quartz prisms does not give 
a further multiplication of images — a circum- 
stance which distinguishes the douhle refrac- 
tion of quartz from that of Iceland spar and 
other crystals. 

The above explanation is applicable only 
when the direction of the rays coincides with 
the principal axis of the crystal. When it is 
inclined to this axis, Mr. Airy has shown that 
the two resulting rays are elliptically polarized, 
the elliptical vibrations in the two rays being 
in opposite directions (that is, one right-handed, 
the other left-handed), and the greater axis of 
the ellipse is for the extraordinary ray in the 
principal plane of the crystal, and for the or- 
dinary ray in a plane perpendicular to the 
principal one. The ratio of the axes in these 
ellipses varies with the inclination of the ray 

84 
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to the principal axis of the crystal. When the 
direction of the ray coincides with this axis, the 
ratio is one of equality, and the ellipses become 
circles. But when the ray is inclined to the 
axis, the ratio increases indefinitely with the 
inclination. *^ It is also necessary to suppose 
that the axis of revolution of the spheroid (pro- 
late for quartz), in which the extraordinary ray 
is supposed to diverge, is less than the radius 
of the sphere into which the ordinary wave 
diverges." 

Hitherto we have had no satisfactory theory 
of the cause of the unequal velocities vdth 
which the two rays are transmitted along the 
principal axis of quartz. We conceive that it 
must depend either on some peculiarity in the 
molecules themselves, or in their mode of ar- 
rangement. *^ The crystal," says Fresnel, 
" cannot be constituted from right to left as it 
is from left to right, either in virtue of the 
arrangement of its particles, or of their indi- 
vidual constitution." If it be a molecular 
property, it must be acquired in the act of 
crystallization, by the mutual action of the 
molecules on each other, for other forms of 
silica, as well as melted quartz, are devoid of 
it. An helicoidal arrangement (right or left- 
handed, as the case may be) of the molecules 
furnishes a physical explanation of the fact 
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above referred to. It has been objected to 
this hypothesis, that it is not applicable to the 
case of rotatory polarizing liquids. But as the 
rotatory polarization of quartz is dependent 
on direction, while that of liquids is inde- 
pendent of it, it is tolerably clear that the 
cause must be different in the two cases. In 
the first, it may depen4 on the arrangement of 
the molecules; in the second, on some pecu- 
liarityin the molecules themselves. 

If two plates of quartz, cut obliquely to the 
principal axis of the crystal (^fig< 91. bb^bb), 
be superposed crosswise and examined in the 
polariscope, they present a series of parallel 
coloured bands or stripes, with a central black 
or white stripe. "When the tourmaline plates 
are crossed, the central stripe is black; when 
they coincide, it is white. The lateral coloured 
stripes seen in the one case are complementary 
to those seen in the other. 

Amethyst is a mixture of right and left- 
handed quartz, and will be hereafter noticed 
among tesselated crystals. 

Rotatory Polarization by Fluids.* — Some 

* For the discovery of the rotatory polarizing of fluids 
see Biot, Ann. Chim. Phys, 74. 429, 430. ; also Biot, 

Phys. Exp..^ t. iv. 542. 

r Formed a solution which in a 
One part tartaric acid tube of 500 millimetres long 
One part water ' had a rotation of 22°. (Burck- 

l^hardt and Guibert). 
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liquids possess this remarkable property. The 
following are the most important : — 

Volatile oils (those of mustard and bitter 
almonds excepted). 

Naphtha. 

Aqueous solutions of several kinds of sugar , 
dextrine, tartaric acid, and tartrates (tartrate 
of alumina excepted). 

Diabetic urine. 

Albuminous urine. 

Alcoholic solutions of camphor and artificial 
camphor. 

Most vegetable juices. 

Biot fotind that vaporization did not destroy 
the rotatory polarization of oil of turpentine. 

The following liquids have been found devoid 
of this property : — 

Water. 

Alcohol. 

Pyroxilic spirit. 

Pyroacetic spirit. 

Olive oiL 

Volatile oil of mustard. 
„ „ bitter almonds. 

Claret (perhaps a trace of ^"^'""^>^^)- 

Champagne. 

Citric acid (dissolved in water). 

Mannite (ditto). 



APPARATUS. 267 

Liquorice sugar (dissolved in water). 

Glycerin. 

The apparatus necessary for observing this 
property of fluids consists essentially of three 
parts ; viz., a polarizer, a tube to contain the 
fluid, and an analyzer. 

The polarizer is an unsilvered glass mirror, 
a bundle of parallel glass plates, or a Nicholas 
prism. Biot uses the first, while Ventzke em- 
ploys the last. A plate of glass, blackened at 
the posterior surface, answers very well. Some- 
times a second mirror (of silvered glass) is used 
to throw the light on the polarizing plate. 

The tube, to hold the liquid, should be from 
six to twenty-four inches long. It is to be 
filled with the fluid under examination, and 
to be closed at each end by a flat glass plate. 
In Biot's very accurate and elaborate apparatus, 
he also has two or three perforated diaphragms 
of sheet silver or platinum, placed at intervals 
in the tube, to exclude the light reflected from 
the sides of the tube, but to admit those rays 
which traverse the axis of the tube. 

The analyzer should be either an achromatic, 
doubly refracting prism, or a Nicholas prism. 
Biot uses a doubly refracting prism of calc spar, 
made of a rhombohedron of this substance, 
rendered achromatic by replacing a portion of 
the crystal by a glass prism. Achromatic quartz 
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prisms are objectionable, since they are never 
so accurately prepared as to yield two images 
only, but always four ; of which two, however, 
are very faint. Ventzke uses a Nichol's prism 
as the analyzer. 

[The apparatus of M. Biot is of the most 
complete and expensive description, and is 
probably indispensable for the performance of 
very accurate experiments and delicate re- 
searches. But for the more ordinary purposes 
of the student, Prof. Powell devised a far 
simpler form of the apparatus, which can be 
readily constructed. It consists essentially of 
the following parts : — 

A small silvered mirror {s) throws the light 
up through a Nichol prism (p) as the polarizer, 
whence it passes through a hole in a frame, 
on which rests the bottom of an ordinary test 
tube (t) placed vertically and filled with the 
liquid under examination. The emergent light 
can give no distinct image (which is obtained 
and is essential in Biot's method), but it passes 
through a small hole (h) in the upper part of 
the frame, on which rests a tube (capable of 
turning about its axis and furnished with a 
graduated rim for measuring the rotation), and 
containing the analyzer (a), a rhomb of Iceland 
spar in its natural state (r), of sufficient thick- 
ness to give two images of the hole (h) without 
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overlapping: these images are then magnified 
by an eyelens (Z), and thus their changes of 
colour are made sufficiently conspicuous, how- 
ever irregularly the light may be refracted in 
the tube, provided it be bright enough. 

Fig.96, The frame, &c., must be 

made so as to allow of raising 
or lowering the analyzer ac- 
cording to the length of tube 
employed : the tube should 
also be enclosed in an opaque 
case, to keep out extraneous 
light. 

It is also very convenient 
(if not necessary) to be able 
to compare two different tubes 
without disturbing the rest of 
the arrangement. Hence, the 
part of the frame carrying 
the tube is so contrived as to 
carry two tubes side by side 
and to turn on a pivot, so 
k y f that either can be brought 

JL under the analyzer in imme- 

diate succession. 
For a full description the reader is referred 
to a paper in the Fhil. Mag. April, 1843.] 

The amount of rotation which a ray of light 
suffers during its passage through the liquid is 
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measured by an index attached to the analyzer, 
and moving on a graduated circular metallic 
plate. Before the tube containing the liquid 
is introduced, we must fix the zero, or 0°. If 
a doubly refracting prism be the analyzer, the 
index is made to point to zero, when the 
ordinary image alone is seen. If, however, a 
Nicholas prism be used as analyzer, the index 
is arranged to point to 0° when the light is 
excluded ; or, in other words, when the light, 
transmitted by the polarizer, is extingushed by 
the analyzer. 

Homogeneous light is generally employed 
when we wish to measure the arc of rotation 
affected by a liquid on a luminous ray. Red 
light is usually selected, because this is the 
only homogeneous light which can be isolated 
by coloured glass. "We, therefore, place a plate 
of red glass between the eye and the analyzer. 
If, when the index points to zero the tube 
containing a rotatory polarizing liquid be in- 
troduced, the second or extraordinary image 
immediately becomes evident, if the doubly re- 
fracting prism be used as analyzer. By turn- 
ing the latter round to the right or to the left, 
as the case may be, this second image disap- 
pears (when homogeneous light is used), and 
the arc traversed by the index from the zero 
measures the angle of deviation of the ray. 
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If, however, a Nichol's prism be employed, it 
no longer excludes the light when the index 
stands at zero, but requires to be rotated a cer- 
tain number of degrees to do so, and the arc 
of rotation is here a measure of the rotative 
power of the liquid. 

The explanation of the action of these liquids 
on the incident rectilinearly polarized light is 
similar to that already given for the axis of 
quartz; with the exception, that in the case 
of quartz, the circular double refraction may 
depend on the arrangement of the molecules, 
whereas in liquids it must arise from some pro- 
perty of the molecules themselves. 

The rotatory polarization of liquids is a mo- 
lecular property : it depends on their individual 
constitution, without any relation to the posi- 
tion of the particles themselves, or to their 
mutual distances, or to their state of repose 
or motion (Biot, Mem, de VAcad. xiii. p. 46.). 

I proceed now to examine some of the liquids 
which possess the property of rotatory polariza- 
tion. 

First, with regard to the essential or volatile 
oils. Most of these bodies are rotatory pola- 
rizers : indeed, I know but two exceptions to 
this statement, viz., oil of mustard and oil of 
bitter almonds. Some turn the planes of po- 
larization to the right, others to the left, but 
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the intensity of their rotative power varies con- 
siderably, as the following table shows : — 

CIRCULAR POLARIZATION OF THE VOLATILE 

OILS. 

1. Left-handed^ or LcBVogyrate. 

Arc of Rotation oflthe Bed 
R ays through a thickness qf 
200 Millimetres calculated. 

Oil of Turpentine (152 millimetres— 45°) 59° 21' 

" Mint 32° 28' 

" Anise 1° 52' 

" Rue ? 

Naphtha (tube 163 millimetres— 12° 40') 15° 21' 

2. RigJit-handed, or Dextrogyrate. 

Oil of Lemon 110° 53' 

" Bergamot 38° 16' 

" Bigarade 157° 89' 

" Citron — 

" Limette — 

*' Neroli — 

" Fennel 26° 32' 

" Caraway 131° 58' 

" Lavender 4® 04' 

" Rosemary 6° 58' 

" Knotted Marjoram 23° 68' 

« Sassafras • 7° 06' 

" Savine 14** 12' 

This table is a very instructive one. It shows 
that isomerism has no connection with rotatory 
polarization, for of three isomeric oils (turpen- 
tine, lemon, and bergamot) mentioned in this 
table, one is laevogyrate, the others dextrogyrate* 
We see also, that oils derived from plants of the 
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same natural family (as the oils of anise, fen- 
nel, and caraway, from the umhelliferce^ and 
those of mint, lavender, and rosemary, from 
the labiatce) differ in respect of their rotatory 
polarization. In some cases, perhaps, this 
fact might be available to the pharmaceutical 
chemist in detecting mixtures of one oil with 
another, as the adulteration of oil of pepper- 
mint with oil of rosemary, recently mentioned 
by Mr. Herring. (See Pharmaceutical Journal^ 
vol. i. p. 263..) 

Some kinds of sugar^ when dissolved in 
water, yield solutions which have in a greater 
or less degree the property of rotating the 
planes of polarization, some to the right, others 
to the left. Hence, polarized light may be 
sometimes used as a test of the presence of 
sugar, and the degree of rotation becomes an 
indication of the quantity and even quality of 
the sugar present. Biot examined by this test 
a specimen of sugar-cane juice, and found that 
it indicated the presence of 20 or 21 per cent, 
of sugar. Peligot subsequently analyzed it, 
and found 20*9 per cent, of sugar. Biot, there- 
fore, suggests that those who make, as well as 
those who refine sugar, might resort to this 
test as a means of determining the amount of 
sugar in different juices or solutions. To the 
colonist it would prove useful by pointing out 

T 
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the saccharine strength of the juice at the mill, 
and to the sugar refiner it would be valuable 
by enabling him to determine the absolute 
strength of raw sugar. 

The sugars are prepared for examination by 
dissolving them in water, and decolorizing the 
solutions when necessary, by filtering them 
through purified granulated animal charcoaL 

Several sweet or saccharine substances do 
not indicate any rotatory polarization, and of 
those that do, some indicate right-handed, 
others, left-handed polarization. 

1. Cane sugar Right-handed. 

2 . Grape sugar ( Glucose of Dumas) ditto, 

a. Incrystallizable sugar 
of honey Left-handed. 

b. Incrjstallizable sugar, 
obtained by the action 
of acids on cune sugar ditto, 

c. Incrjstallizable sugar 
of the juices of fruits ditto. 

ef. Incrystallizable sugar 
obtained by the altera- 
tion of cane sugar. 
This constitutes the 
greater part of mo- 
lasses, ditto. 

4. Mannite O 

5. Glycerin O 

6. Liquorice sugar O 

The grape sugar referred to in this table 
exists ready formed in honey, and in diabetic 
urine. It is deposited when the acidulous 
juices of fruits have been saturated and suf- 



3. Incrystallizable 
sngSirlChtdariose -< 
of Soubeiran) 



VARIOUS SUGARS. 275 



# 



ficiently concentrated. Moreover, it is pro- 
duced by the action of diastase on starch, as 
well as when syrup, obtained by the action of 
weak acids on starch or sugar, is abandoned to 
itself. 

The following table, taken from a memoir 
by Biot, shows the extent of rotatory power 
possessed by different sugars :- 

BOTATION OBSERTED T7ITH RED GLASS THROUGH A SOLUTION OF^ 

152 MILLIMETRES IN LENGTH. 

Proportion of Sugar 
in one of the Solutions. Arc of Rotation, 

Sugar candy 1. Aqueous solution 0*25 ... 23° 28' 45^'; 

«* 2, " 0*50 ... 51° 21' 45''' 

« 3. " 0-65 ... 70° ir 15''' 

Cane sugar STrup, boiled, and! ^.^^ ^^^ jgo 5^, 33> 
rapidly cooled J ^ 

Sugar of milk, crystallized 1 ^.^^ ^^^ j^o gj/ 40/' "^^"^ 
(aqueous solution) J 

Starch sugar, white grains (ditto) 0*648 ... 48° 30' 0" 
Grape sugar syrup — 






... 



" in white grains! ^.^^ _ 

(aqueous solution) J 

Crystallizable principle of honey 0-34201... 16° 47' 30" 
Uncrystallizable ditto — ... — — — 

Cane sugar, dissolved in water, causes right-- 
handed polarization. A strong syrup made 

T 2 
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with refined sugar shows the colours most bril- 
liantly. When this kind of sugar is subjected 
to heat, especially in contact with acids, it 
loses its crystallizability, and then acquires 
left-hsinied polarization. In the manufacture 
of barley-sugar, hardbake, &c., the makers of 
these kinds of hard confectionary use a little 
cream of tartar to destroy the crystallizability 
of sugar. Soubeiran found that a syrup of 
cane-sugar heated by a salt-water bath, the air 
being excluded, underwent a series of remark- 
able changes in respect of its rotative power. 

Arc of Rotation for mean Yellow Ray 
for a length qf 100 Millimetres. 

Syrup, primitive -|-71 

" After twenty hours O 

" After twenty-five hours — 11 

" After sixty-four hours O 

" After seventy-two hours 4-5 

Here, then, it appears, that cane-sugar, 
gradually lost its rotative power O**, and then 

became ^^ • In this latter state it was pro- 
bably uncrystallizable sugar. But this in its 
turn lost its rotative power 0°, and became 

The precise nature of the latter kind 
of sugar is not known. 

In sugar-refining the object is never to let 
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the syrup get beyond the first zero; that is, 
not to convert crystallizable into uncrystal- 
lizable sugar. Baw sugar contains, however, 
both crystallizable and uncrystallizable sugar. 
The latter alone should constitute treacle. But, 
from Soubeiran's optical examination, it ap- 
pears that treacle contains a portion of crystal- 
lizable sugar. 

The optical characters of sugar have been 
made use of to detect fraud in pharmacy. In 
1842, more than a ton of a substance purport- 
ing to be manna was ofiered for sale in Paris 
at less than five pence per pound, the excuse 
given for the unusually low price was, that 
cash was immediately required. Suspicion was 
raised, and the substance was submitted to 
careful examination, the result of which was 
the establishment of the fact, that it was not 
manna, but potato-sugar. Its aspect, taste, 
fermentability (mannite not being fermentable), 
and the presence of sulphate of lime proved 
this. Biot submitted it to a very careful opti- 
cal examination, and found its characters to be 
those of a starch-sugar. Manna contains two 
kinds of saccharine matter, one called mannite, 
and the other a fermentable sugar. Now, man- 
nite, when pure, has no rotative power on 
polarized light, but commercial manna has a 
slight efiect, owing to the presence of a small 

T 3 
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quantity of fermentable sugar. This fictitious 
substance, however, had the same effect, on 
plane polarized light, as sugar prepared by the 
action of acids on starch, when the action is 
arrested at the first phase of its transformation. 

Vinous fermentation has been studied by the 
aid of polarized light. Take a solution of 
cane-sugar which has right-handed circular 
polarization. As soon as it begins to ferment 
it loses this property, but acquires left-handed 
polarization. 

Polarized light has been proposed and used 
as a test of the presence of sugar in urine. 
To render diabetic urine available for this pur- 
pose, it must be decolorized by agitation with 
fresh prepared granulated animal charcoal, and 
subsequent filtration. The process is trouble- 
some, tedious, and can only prove . successful 
in the hands of persons familiar with the 
phenomena of polarized light. With all due 
deference to Biot, I do not think it will ever 
prove of much value in practical medicine. 
We have other, simpler, less laborious, and 
cheaper methods of detecting sugar in urine 
than the one now referred to. Moreover, it 
should be remembered, that albuminous urine 
possesses the property of circular polarization. 

The substance called dextrine is starch-gum, 
and is soluble in water. It is usually prepared 
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from potato-starch, either by torrefaction or by 
the action of a small quantity of nitric acid. 
A solution of it possesses the property of right- 
handed rotatory polarization, hence the name 
dextrine^ applied to it by Payen and Persoz. 
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ADDITIONAL NOTES. 



I. 

Polarization of Starch, 

BiOT {Comptes Rendus, 1837, t. v. p. 905.) ob- 
serves, that there is this physical difference be- 
tween amidine smd dextrinCy — that amidinCy in the 
state of fecula, is a body actually organized, while 
dextrine has lost all regular state of aggregation. 

Fecula is an actually organized body. It pro- 
duces, in polarized light, phenomena (seen by the 
microscope) which can only result from a body 
regularly constructed, and of which the interior 
constitution is established around the diameter, 
passing by the point of the surface where is found 
a sort of umbilicus, by which it is generally supposed 
that the feculaceous globule was attached to the 
walls of the cell when it was developed. 

These phenomena are observed in all globules ; 
but their effect on the polarized light is the more 
energetic as they are larger ; this shows that it 
results from the successive action of all the layers 
of which they are formed. 

When a globule has been broken or ruptured by 
some accident of trituration, the detached portions 
do not thereby lose their texture, for they continue 
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to act on polarized light : as far as I am able to 
judge, they do it in the same manner as before 
they were separated from the whole. 

Fecula, disaggregated by water and heat, or by 
weak acids and alkalis, does not present these 
phenomena. They have, then, only the molecular 
rotatory power, which is not sensible in so small 
thicknesses, and which is exercised according to 
other laws. 

If, during the disorganization of the globule, we 
study the action of iodine upon it, we see the pheno- 
mena of coloration vary with the progress of the 
attenuation, and they cease when the globule has 
passed to the state of perfectly pure dextrine, 
p These observations, re-united to chemical iso- 
merism, and to the constancy of the rotatory power 
in these successive slates, may induce us to think 
that the organization or the disaggregation of the 
fecula suffices to give to it, or remove from it, the 
property of combining with iodine, its nature re- 
maining the same. (Biot, Journ. Pharm,^ v. 1844, 
p. 445.) 



n. 

References on the Subject of the Rotatory Pola- 

rization of Light, 

Biot, in his paper Sur la Construction des Ap' 
pareils destines a observer le Pouvoir rotatoire des 
Liquides, published in the Annates de Chimie et 
de Physique, t. Ixxiv. p. 40 L, makes the following 
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references to his papers on rotatory phenomena 
and their application to chemistry : — 

1. Mim, de VAcadimie des Sciences^ t. ii., 1817 
(rotations of certain substances). 

2. DittOy t. xiii, p. 39., 1812 (application to or- 
ganic chemistry). 

3. Ditto, t. xiii. p. 437. (fecula and gum). 

4. DittOy t. XV. p. 93. (tartaric acid, alcohol, wood 
spirit). 

5. DittOy t. xvi. p. 229. (fundamental points of 
chemical mechanics). 

6. Nouv, Ann. du Mus.y t. iii. p. 47. (vegetation 
of grasses). 

7. Comptes Rendus, 6 Juin, 1836, t. ii. (disposi- 
tion of rotatory substances, &c.). 



in. 

References on the Subject of the Turpentines, 

Mem, de TAcad. des Sciences (read Sept. 22, 
1818), t. ii. p. 46. (for 1817, but published in 1819).' 
Biot mentions here how he accidentally discovered 
the rotation of oil of turpentine, when examining 
crystallized plates placed in very refracting media, 
such as this oil. He perceived that this liquid 
modified the condition of the polarized rays which 
traversed it. But he observes, that while in rock 
crystal there are two opposite directions of rotation, 
in turpentine the rotation is always from the right 
towards the left of the observer. 



NOTE III. 283 

In this paper he also mentions other liquids 
which also possess rotator j phenomena; some of 
them in an opposite direction, that is^ from the left 
to the right (pp. 46, and 47.). 

The mean rotation of the rays transmitted by 
red glass was, for every centimetre, 2°*7057 (p. 92.) 
at 20° centigrade. This is for the turpentine of 
commerce (pp. 92, and 93.). 

For the same rays transmitted through turpentine 
purified by several distillations the rotation for 
every centimetre was 2°*8628 at the temperature 
of + 3** centigrade (pp. 92, and 93.). 

By mixing essence of lemons with essence of 
turpentine the rotations are compensated : 

I. Essence op Lemon. — ^Rotation left to right ^r 

The principal section of the prism being in the 
direction of primitive polarization, the ordinary 
ray is sombre red ; the extraordinary ray greenish 
yellow. By interposing the red glass and turning the 

prism 66°^^, the extraordinary ray vanishes. 

n. Essence op Turpentine. — ^Rotation right to 

left. ^N^^ . When the principal section of the prism 

corresponds with primitive polarization, the or- 
dinary ray is orange ; the extraordinary ray bluish 
white. By interposing red glass and turning it 38% 

to the left ^^"^^w^ 9 the extraordinary ray becomes 
nothing. 

The above statements apply to a length of 
fluid=151°»°^-5. 
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Hence the rotatory force of essence of lemons is 
to that of turpentine as 66 : 38. Consequently, if we 
mix 66 parts of the second (that is, the oil of tur- 
pentine) with 38 parts of the first (that is, of the 
oil of lemons), we have a mixture in the .proportion 
of their reciprocal intensities, and in which the 
powers of rotation will be compensated (p. 118.). 

Biot then describes the rotatory power of the 
vapour of turpentine (p. 125.). 

In the Memoir es de VAcadimie, t. xiii,, 1835, is 
a memoir by Biot (read 5th November 1832), en- 
titled Memoire sur la Polarisation circulaire et 
sur ses Applications a la Chimie organique. In 
this he gives the deviations of the oils, &c., which 
I have copied in the printed table at p. 272. of my 
Lectures on Polarized Light. 

The oil of turpentine which he examined had 
been rectified with the greatest care by M. Dumas, 
and was the same of which he published an analysis 
in the Annales de Chimie et de Physique for July 
1832. The oil he describes as being limpid and a 
little greenish. The temperature is not stated. 

Mitscherlich, On the Circular Polarization Ap- 
paratus for Saccharine Liquids, in Central Blatty 
1851. 

English Oil of Turpentine, examined by Bour- 
chardat. May 21. 1845 : — 

Temperature = 15° centigrade. 
Rotation, right-handed = 22°*5. 

„ „ „ with red glass =17**. 

lfi°*Q 

Length of tube used =108 millimetres. 
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The sp. gr., according to Guibourt, was 79°; 
Gay Lussac, at 12° centigrade. 
Essential Oil of the Silver Fir, Abies taxifolia 

{Afnes picea) : — 

Sp. gr., according to Guibourt, was 81°; Gay 
Lussac, at 12° centigrade. 

Temperature =15° centigrade. 
Eotation, left-banded = 26° -25 (for the flax- 
flower tint). 
,, „ red glass = 19°. 

Length of tube used, 199*4 millimetres. 
Now, as 199-4 : 1000 : : 26-25 : 13-2 ; so that the 
rotation would be 13°-2 for a tube of 100 milli- 
metres in length. 

J. P*s ride : — 

1. To reduce the rotation without red glass to that with, 

multiply by 23 and divide by 30. 

30 

2. To reduce the rotation with to that without red glass, 

multiply by 30 and divide by 23. 
Ex, 17x30 _g.^.g 
23 



IV. 

Extracts from Biofs Memoir (Ann, Chem. Phys., 
vol. Ixxiv,, 1840), quoted above. 

Zero point, direct polarization 0°, is when E 
(extraordinary image) is entirely or almost com- 
pletely insensible. 
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If water, spirit, or other inactive liquids be in- 
troduced, E remains invisible. 

If oil of turpentine, tartaric acid solution, &c., 
&c., be interposed, E reappears. The primitive 
polarization is disturbed. 

If red glass (coloured by protoxide of copper) 
be interposed, and the analyzer turned right or left, 
the image E again disappears. The arc traversed 
by the alidade, from the zero point, measures the 
angle of deviation which the plane of polarization 
of the red rays suffers. 

But the deviations of the different simple rays 
are almost exactly reciprocal to the squares of the 
lengths of the undulations in the wave theory. 
Tartaric acid is an exception to this. Hence, in 
the succession of the extraordinary tints, which 
appear as the prism is rotated, there is one ex- 
tremely distinct and easily recognizable, which re- 
sponds with a singular approximation to the devia- 
tion of the pure yellow rays, and which we reduce 
to that of the rays transmitted by the red glass, by 
multiplying it by f f . This tint is a bluish violet, 
which immediately follows the intense blue, and 
immediately precedes the yellowish red, in the pro- 
gress of the rotation ; and both, by its special nature 
and by its striking opposition with the two other 
[tints], between which it is always comprised, it is 
impossible not to recognize, when we have once 
sought for it. 

Observation thus effected is more easy and 
prompt than with red glass, and the appearance 
and change of colour very sensible. 
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V. 

Tartaric Add, 

Biot, in his Memoire sur la Polarization circu^ 
laire (read to the Academy of Sciences on the 5th 
November, 1832, and published in the 13th volume 
of the MemoireSy 1835), says, at p. 138., that there 
are entire classes of organic compounds which, if 
not actually without the power of circular pola- 
rization, at least possess it in a degree which rela- 
tively is very feeble. 

But in the Table G, p. 168. of the same memoir, 
he has the following : — 

" Crystallized tartaric acid dissolved in water, 
in the proportion of 538*607 of acid to 52«-230 of 
water. — 160 millimetres of tube. Solution colour- 
less. Rotation + 8°'5 ^-X^> strongest on the 

least refrangible rays." 

The most complete account of the polarizing 
powers of solutions of tartaric acid are given by 
Biot in his Mithodes mathematiques et experi- 
mentales pour discerner les Milanges et les Coni'^ 
binaisons chimiques definies ou nan definies, qui 
agissent sur la Lumiere polarisee ; suivies d'appli" 
cations aux combinaisons de Vacide tartrique avee 
FeaUf Valcohol et Fesprit de bois," presented to the 
Academy on the 11th of January, 1836, and pub- 
lished in 15th volume of the Memoir es. The fol- 
lowing are extracts : — 

The tartaric acid used was of English manufac- 
ture (p. 144.). 

" In all active bodies the rotatory power exer- 
cised on the different simple rays is unequal In 
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all, with the single exception at present known of 
tartaric acid, this inequality follows one same law, 
rendered evident by the identity of compound co- 
lours, which appear when we analyze white pola- 
rized light, transmitted in all these systems through 
thicknesses inverse of their power. The exception 
presented in this respect by tartaric acid is the 
more remarkable, since all its combinations with 
salifiable bases, even with boracic acid, have rota- 
tory powers conformable to the general law ; at least, 
within the limits of precision which I am able to 
attain by composing the series of their tints with 
those which produce all the other bodies." 



VI. 

" Formula for determining the absolute Weight 
of pure Diabetic Sugar contained in a litre (= 
\'*160^ imperial pints) of Diabetic Urine, (Given 
me by Bourchardat, 1845. ) 

" According to the experiments of M. Biot on 
pure diabetic sugar, if we examine diabetic urine 
in a tube whose entire length in millimetres is = L, 
and the deviation measured by the naked eye, for 
the extraordinary violaceous blue tint which imme- 
diately precedes the yellowish red, be a, the abso- 
lute weight of sugar contained in a litre of this 
urine will be, in grammes, 2353, 6 a (with the orange 
yellow tube 2340.?). 

" If the length of the tube is less than 350 mil- 
limetres, and the blue and yellowish red colours be 
very apparent, on account of the slight colour of 



NOTE VI. 289 

the liquor, this evaluation will be rather in excess 
than too little. If, on the contrary, L surpasses 
350 millimetres, or if the urine is so strongly 
coloured that the colours differ but little before 
and after the point of the passage, the evaluation 
will be rather too low than too high. 

" In every case the uncertainty is of very little 
importance, especially for diagnosis. It proceeds 
from the difference which the more or less intense 
colour produces in the determination of the point 
of passage where we measure the deviation when 
we observe it by the naked eye. We cause it to 
disappear by always observing it through red glass. 
This renders the deviations comparable with each 
other, but this will here render the observations 
much more troublesome without any real utility. 

" Here are two examples, which show the appli- 
cation of the formula : — 

'' 1. We have a diabetic urine in a tube whose 
total length L was 500 millimetres, and we have 
found a deviation a equal to 15° ; by multiplying 
at first 2353-6 by 15, we have for a product 35304*0, 
which, being divided by 500, gives for the quotient 
70*608. This is the weight of diabetic sugar con- 
tained in each litre of the urine examined ; and the 
evaluation is rather too low than too high. 

" 2. The tube of observation had for its length 
347 millimetres; the deviation observed a was 10°*967. 
The urine was very coloured through this thickness. 

"By multiplying 2353-6 by 10°-967, we have, 
24870*5 for a product, neglecting, after the multi- 
plication^ the decimals beyond the tenths. Now 

u 
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this number 24870*5, being divided by 347, gives 
for the quotient 71*673. This is the weight of 
diabetic sugar contained in each litre of this urine ; 
and the evaluation is rather below than above, be- 
cause the urine will appear very coloured in the 
observation tube. 

" These calculations of multiplication and of di- 
vision are made in a moment by a table of loga- 
rithms. 

" When the urine is very coloured, the extra- 
ordinary image remains insensible to the eye dur- 
ing a certain amplitude of course of the doubly 
refracting prism. We determine, then, the limits of 
its disappearance and of its reappearance by a cer- 
tain number of successive observations. The arith- 
metical mean between the extremes is the true 
measure of a. It is thus that, in the second ex- 
ample, we have obtained the fractions of the degree 
of deviation." 

L = length of tube. 

a = deviation. 

2353*6, an empirical number. 
Let L = 303 millimetres, 

a = 40°; 

Th ^3^3*6 xa _ 310-70 \ ^^^S^* ^^ diabetic 
^^ L ~ L sugar. 

/ = length of tube in English inches and fractions, 

a= deviation of the ray. 

812*20607, an empirical number. 

812-20607 xa png««l? troy grains of sugar in 

one imperial pint of diabetic 



x« _ y 



*' ■ urine. 
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VII. 
On Fraunhofer's Spectra, 

[It has been stated above generally, in respect to 
the colours produced by interference, that they are 
always \compound tints, |and in no case pure pris- 
matic colours. To this there is, however, one remark- 
able exception, — an exception which, nevertheless, 
is fully accounted for by the theory of interfer- 
ences. It occurs in the following experiment, in 
many ways an important and interesting one. 

Make a small frame to fit on to and sur- 
round the object end of a telescope. Across this 
frame stretch a great number of fine threads close 
together, so as to form a fine grating of parallel 
lines, covering the object glass : fine sewing cotton- 
thread answers well. Now direct the telescope 
to a distant narrow slit in a screen or window- 
shutter through which the light of the sky passes, 
taking care that the threads are parallel to the 
slit. On looking through the telescope, the white 
image of the slit will be seen in the centre, accom- 
panied on each side by a perfectly pure spectrum 
of the prismatic colours in the usual order, the 
violet being nearest the centre. So pure are these 
spectra that Fraunhofer, with his excellent glasses, 
was able to distinguish the dark lines in them 
(seep. 35.): with moderate telescopes it is pro- 

u2 
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bably impossible to see these. Beyond these other 
spectra may be seen, but in which the colours are 
more and more superposed' and compound. They 
are called Fraunhofer^s Spectra^ from their dis- 
coverer, who also explained them by the inter- 
ference theory, though the investigation is too long 
to insert here.] * 

* The student is referred for full details to Professor 
Poweirs Elementary Treatise on Experimental Optics, 
p. 151; and to Mr. Airy*s Tracts, Undidaiion Theory^ 
Art. 83. 
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NOTES 

OF A 

LECTURE ON THE MICROSCOPE. 



INTRODUCTION. 



The object of this Lecture is to draw the 
especial attention of members, associates, and 
students of this society to some few of the 
pharmacological revelations of the Microscope, 
and thereby to promote the more frequent 
employment of this agent, which, to the phar- 
maceutist, I hold to be one of his most im- 
portant, valuable, instructive, and useful 
scientific instruments. 

This Lecture is intended to be of the most 
elementary character, being essentially adapted 
for the uninitiated. I feel it necessary to 
premise this statement as an apology to those 
who are familiar with the structure and uses of 
the microscope, and who might, perhaps, be 
led to expect that I was about to treat the 
subject in a different, and to them more in- 
structive manner. 

u 3 
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Since the Lecture was announced I have 
had communications with some of the persons 
who, I presume, are here present, requesting 
me to furnish them, through this medium, with 
information and details, which certainly I had 
no intention of doing, on account of the in- 
vidious position I should place myself in. 

I had proposed to excite the desire of phar- 
maceutists for microscopical investigations. But 
I find the appetite pre-exists ; and they are 
anxious to know where, how, and at what cost 
they can gratify it. I have been asked what mi- 
croscope maker I recommend; what mag- 
nifying power is required; and what is the 
cost of a proper instrument for the pharma- 
ceutist ? 

These inquiries have induced me to devote a 
portion of this Lecture to a few details illustra- 
tive of the structure of the microscope, and will 
show how difficult it is to answer these questions. 

The fact is that, when we talk about a mi- 
croscope, we do not speak of an instrument of 
definite extent, or consisting of a constant and 
unvarying number of parts. There are cer- 
tain essential parts, and many others non- 
essential or optional. Yet some of these non- 
essentials are, notwithstanding, so useful, that 
microscopical investigations can scarcely be 
carried on without them. 
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ON THE MICROSCOPE IN GENERAL. 

We derive the term microscope from i^iKpog 
little J and a-ycovico I view. It may be defined as, — 

1. An instrument which enables us to vietv 
objects which are too little to be seen by the 
naked eye. 

2. An instrument which enables us to see 
objects distinctly at a shorter distance from the 
eye than is compatible with distinct vision. 

3. An instrument which enlarges the angle 
of vision (or optical angle), and thereby enables 
us to see objects too minute to be seen at the 
distance of distinct vision. 

4. An instrument to enlarge and render dis- 
tinct the image of near objects. 

At different distances from the eye the 
same object subtends different angles, as may 
be illustrated by the annexed diagram, which 
needs no explanation. 

Fig. 97. 






^^"^'^^::::^ ^-C <^: 



The nearer we approach a body the greater 
the angle, and, therefore, the larger the body 

appears. 

u 4 
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If we look at a pin or needle through a pin- 
hole aperture in a card, the nearer the pin or 
needle is to the eye the larger is the apparent 
magnitude of the body. For the power of 
adjustment for distances, see explanation in 
MuUer, p. 1153. For distinct vision the rays 
must be brought to a perfect focus at the 
retina. The eye can adapt itself so as to pro- 
duce this effect within certain distances. This 
power of adaptation varies in different indi- 
viduals. From 5 to 10 inches is the distance 
of distinct vision. 

If a small object be brought very near to 
the eye, it appears very large, but is wholly in- 
distinct, because the humours of the eye are 
not sufficiently refractive to cause the rays to 
meet on the retina : they, therefore, converge 
behind the retina. Though the object looks 
larger, it is seen with indistinctness, and there- 
fore no advantage is gained. Thus, with respect 
to these small bodies, all men may be said to 
be long-sighted: they require glasses of a 
convex nature to make the bodies visible. 

A microscope here proves serviceable. An 
artificial image is here formed in front of the 
eye. The rays meeting to form this image 
not being received there by any opaque surface, 
diverge again frqpi this point in the same way 
as if the object for which they originally ra- 
diated were there situated. 
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Thus it gives the eye the advantage of the 
augmented magnitude, and removes the incon- 
venience that arises from the too great proxi- 
mity of the object. The picture formed upon 
the retina corresponds with one of an object 
greatly increased in its dimensions and viewed 
at the smallest ordinary distance of distinct 
vision. 

Microscopes are of two kinds : — 

1. Simple. 

2. Compound, 

1. The simple microscope consists of a single 
convex lens with a very short focal distance, 
which may be called a simple magnifier. Or, 
again, the simple microscope might be formed 
of several lenses ; but then these must be com- 
bined so as to form a compound lens whose 
function is to produce an effect on the rays 
equivalent to a single lens. 

2. The compound microscope consists of a 
combination either of lenses or of a speculum 
with lenses. In the first case it is called a 
dioptric or refracting microscope ; in the latter 
a catoptric or reflecting microscope. 

The compound microscopes in general use 
are of the dioptric or refracting kind. 

Refracting Compound Microscopes. 

These consist of at least two convex lenses : 
one nearest to the object and therefore called 
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the ohject-glassy the other nearest to the eye, 
and therefore termed the eye-glass. 

By this a double magnification takes place : 
the object-glass produces an enlarged real 
image of the object, and the eye-glass magnifies 
this image in the same way as a simple micro- 
scope does the object. 

Hence, then, with the same object-glass dif- 
ferent degrees of magnification may be obtained 
by using eye-glasses of different powers* 

It is curious, however, that if, from some 
imperfection in the object-glass, it gives a dis- 
torted or imperfect image, the eye-glass will 
magnify the distortion or imperfection. Hence 
it is not desirable to use too much magnifying 
power in the eye-glass, especially for the high 
powers of object-glasses of short foci. At least, 
it is necessary, in the first instance, to know 
what the goodness of the object-glass is, in 
order to determine what powers it will bear. 

The chief qualities which a microscope ought 
to possess may be distinguished as, — 

1 . Penetrativeness, (called by Ctuokett power 
of definition^) which is principally efiected by 
the angle of aperture. 

2. Definitiveness^ (called by Quekett correct- 
ness of definition^ depends on the balance of the 
aberrations and the workmanship. 

The quantity of light collected and trans- 
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mitted by each lens will be as the squares of 
their diameters. 

Increase of illumination cannot compensate 
for deficiency of aperture. It cannot be made 
to increase the relative proportions of light 
which proceed from these minute parts. 

IMPERFECTION OF MICROSCOPES, AND MEANS ^ 

OF CORRECTION. 

The causes of imperfection which give rise 
to want of defining power and want of pene- 
trative power, or want of definitiveness and 
penetrativenessy are chiefly the following : — 

1. Spherical aberration. 

The means of correction are, — 
a. Stops or perforated diaphragms, to 

limit the area of the rays. 
13. Aplanatic glasses {^aifKavr^TLKos not 

disposed to wander or roam). 
7. Augmentation of density or refrac- 

tive power in the centre of lens, 

or in the crystalline lens of the eye ; 

but this property cannot be applied 

artificially. 

2. Chromatic aberration or dispersion. 
The means of corrections are, — 

Achromatic glasses (a'XpcofJLaTiKos de- 
void of colour). 
These are made of lenses composed of 
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glasses of different refractive and 
dispersive power, naxaelj^JUnt and 
plate glass. 
Corrections for aberration remedy some 
defects of defining power. 

3. Deficiency of lights or small aperture. 

The larger the angle of aperture, the 
greater the power of penetration. 

Contracting the aperture of the object 
glass lessens the aberrations. 

The higher the magnifying power the 
greater the aberrations. 

Twenty years ago it was thought a great 
achievement to make an achromatic ob- 
ject-glass vAich should transmit a pen- 
cil of an angle of about 20**. They are 
now made to transmit more than 90®. 
Mr. Ross's xV^^ transmits a pencil of 
120°. He has made one which trans- 
mitted a pencil of 135°, the largest 
angular pencil that can be passed 
through a microscopic object-glass. 

4. Errors in the centring and adjusting of 

lenses. 

Supposing that the glasses are worked 
with great accuracy, the lenses re- 
quire to be most accurately centred 
and adjusted. Mr. Beck informs me 
that the grinding, centring, and ad- 
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justing of the lenses composing a ^th 
object-glass is a good week's work. 

5. Bad quality of glass. 

6. Tremor or movement. 
This depends on the stand. 

7. Inconvenience of movement. 

The modern improvements introduced into 
the construction of achromatic glasses for the 
microscope are chiefly due to the discoveries 
of Mr. Lister, who foimd that, by using for his 
powers combinations of two or more, separated 
by determined intervals, much larger pencils 
could be brought to accurate foci, and the 
instrument would bear with distinctness much 
higher magnifying powers than with a single 
achromatic object-glass. 

He also introduced the practice of joining 
together the glasses composing the doublets 
or triplets by Canada balsam. 

Mr. Ross applied Mr. Lister's principles with 
such success, that he obtained achromatic ob- 
ject glasses so accurately corrected, that even 
the thickness of the glass or mica used to 
cover the object disturbed the correction. To 
remedy this, he contrived a method of com- 
pensation. By means of a screw-collar he 
managed to vary the distance between the first 
and second compound lens, according as the 
object is uncovered or covered, and according 
to the thickness of the cover. 
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In Mr. Ross's article on the Microscope in 
the Penny Cyclopcedia, the objectives of the 
high powers are said to be three doublets. Two 
doublets and one triplet is now used. I am 
informed that this improvement is due to Mr. 
Lister. I have not seen any notice of the 
use of this triplet in any works on the micro- 
scope which I have met with. 

Eye-piece, This is not achromatic. The 
slightest inspection of it will show this. Here, 
then, you will say is a great defect. Great 
expense and trouble is lavished on the object- 
glasses, and by them a colourless beam of light is 
obtained : but when this reaches the eye-piece 
it is dispersed and coloured. Such, however, 
is not the case. The dispersion of the eye- 
piece is counteracted by the over^correction of 

the object-glass. 

Fig. 98. 
Uncorrected Object-glass. Achromatic Object. 





Over-corrected Object-glass. Un-corrected Eye-piece. 





B signifies blue rays. 
R " red « 



PRESENT STRUCTURE. 



PRESENT STRUCTURE OP THE COMPOUND 



1. The Object-glasses are achromatic, as 
already described. 

2. Eye-piece. The one in use is that called 

the Huyghenian. It consists of two 
plano-convex lenses oi plate 
Fig. 99. glass : the lower and larger 

n Eye-piece, lens is called thejield-glass ; 
the upper and smaller one 
the eye-glass, or the may- 
Three eye-pieces are made, 
called A, B, and C, or 1, 2, 
I and 3. They are of different 
I degrees of power : the 
higher the power, the greater 
the convexity of the lenses 
and the nearer they are 
placed togetlier. 

The magnifying power of 
the eye-pieces made by dif- 
Forthedetaiboftho ''^'^ent makers is not abso- 
Hjijghenian eye-piece lutely alike, 
and its compensating q^^^ microscope ob- 
property, the student . * 

isreferredtotheFenny servers object to the use 
Cycloptedia, Art. Mi- 
croscope, p, 186., from which this Sgute is taken. 
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of very powerful eye-pieces, especially for 
object-glasses of high power. 
3. Draw-tube, By drawing out the tube we 
increase the distance of the object-glass 
from the eye-piece, and thereby increase 
the size of the image. Within certain 
limits this may be usefully employed. It 
requires the object to be brought nearer 
the power ; and, as the rays then fall more 
obliquely on the object-glass, the errors, of 
aberration are increased. 

Fig. 100. 
Object' Glasses, or Powers. 
i, J and -Y^'inch focus. 

Plate ^ess^^^^^^^fcsft.. Crossed. 



Flint 




Plate 

Dense flint 

Plate 




Plano-concave. 

Crossed. 

Doubly concave, 
with unequal foci. 

Plano-convex. 

Plano-concave. 

Plano-convex. 



O 

Fig. 101. 
f and 2'inch focus. 



Plate 

Flint 

Dense flint 
Plate 




O 



Crossed. 

Plano-concave. 

Meniscus. 
Plano-convex. 
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Fig, 102. 
Z-inchfocu8» 



Plate ^.ri^^^^^^^^^s. Crossed. 




Y\^i mmmmMmmmmmmmm piano-concave. 

O 

ACTION OF THE MICROSCOPE. 

1. The 06;ecf-^Za55e5 refract the rays coming 
from the object, and would bring them 
to a focus. 

2. The Field-glass changes the course of 
the rays in such a manner that the image 
may be formed of dimensions not too 
great to come within the range of the eye- 
piece, and, consequently, to allow more of 
the object to be seen at once. It also serves 
to correct the errors of the eye-glass. 

3. Eye-glass. The whole of the image pro- 

duced by the field-glass is within the 
range of vision of the eye-glass. 

POLARIZING MICROSCOPE. 

In applying the compound microscope to 
observe the phenomena of polarization there 
are two situations in which both the polarizer 
and analyzer may be placed. The former may 
be placed in the opening of the stage, imme- 
diately below the object, or (which is prefer- 
able, when a high power is used) at the bottom 
of the achromatic condenser. 

The analyzer may be placed in a cap above 

X 
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the eye-piece (marked A m the diagram), or at 
the bottom of the dran-tube (marked B) ; and 
each has its peculiar advantages. When 
placed at A, it can only be used with the lowest 
eye-piece ; and even then 
slightly diminishes the 
J field of vision j but it is 
^ easily rotated, and does 
■^ but little injury to the 
a definition. When at B, 
g it may be used with any 
■s eye-piece, and does not 
S diminish the field ; but it 
o cannot be rotated so 
■^■g easily, and it materially 
■SM^ deteriorates the defini- 
S^ tion. For the latter rea- 
o >. son I have placed mine 
^ ^ above the eye-piece in 
g ^ the situation marked A. 
2 I Dr. Leeson tells me 
a that a plate of pale tour- 
's maline at B answers ex- 
g. tremely well, as it has 
g the advantage of not in- 
^ terfering with the extent 
(g of field, and, being thin, 
K has but little efiect on 
n the definition compared 
with the thick prism. 
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PURCHASE AND PRICES OF MICROSCOPES. 

Advice. 

1. Buy of a good maker. 

2. The first thing to buy is the stand. 

3. Then, 



One power 

It power 


1. 


2. 


Student's. 


3. 

With stage 

movements. 


4. 


£16 16 
5 5 


£12 12 
5 5 






£9 9 
5 5 


£5 10 
5 5 




£22 1 
2 eye-pieces. 
&c. 


£17 17 





£14 14 
Box. 


£10 15 
Box. 



Or 

f-inch. 



Stage £4 4 

£ s. d. 
5 10 
3 3 



^8 13 



Cautions. — Continental (French) object- 
glasses are much cheaper. The objectives are 
sold in sets, of which 1, 2, or 3 may be used 
at once ; by which great variety of power is 
gained, but perfection is sacrificed. No single 
objective can be thoroughly corrected ; each 
combination to be corrected for itself alone : 
hence English achromatic combinations con- 
sist of two or three compound lenses which 
cannot be separated. 
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A high magnifying power is not necessarily 
good. I saw, in Leadenhall-street, a micro- 
scope marked one guinea, said to magnify 
1000 times. 

Time required for centring and adjusting. 
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PRICES OF MICROSCOPES EXCLUSIVE OF OBJECT- 
GLASSES. 

1. Best microscope, on double pillar, and 
sconces. Body with quick and slow 
motions, graduated sliding tube, and two 
corrected Huyghenian eye-pieces; stages 
with vertical and horizontal rackwork 
actions (given by rackwork and screw 
or lever) ; sb'ding and revolving plane 
and spring clamping piece; revolving 
diaphragm; large double mirror ; forceps 
and joint; pliers and glass plates; with 
thin glass, &c 16 16 

Best Spanish mahogany case, with box 
and drawers 3 10 

Or Honduras ditto, with box 2 6 

2. Best smaller microscope, on single pillar 

and joints, with actions same as the 

above, &c 12 12 

Flat mahogany case for ditto, with drawer 1 16 

3. Student's microscope, with uprights and 

joints, actions same as the above ; one 
eye-piece, concave mirror, and others ; 
actions same as the above ; mahogany 
case included 9 d 

4. The above with plain stage ; consisting of 

sliding piece and clamping spring, one 
eye-piece, concave mirror, and others ; 
actions same as the above 5 10 

5. Plain microscope, for hospital use, with 

quick and slow motions to body, one 
eye-piece, and case 2 15 



t — 
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PRICES OF APPARATUS. 



APPARATUS EXTRA. 

Eye-pieces from ISs. to 

Bull*s-eje lens, or illuminator, on stand •••• 

Ditto smaller 

Side illuminator, with imiversal joint....... 

Side silver reflector, with joints. 

Erecting glasses 

Three &rk wells and fittings 

One ditto for small microscope 

Brasswork of achromatic condenser 

" " for student's 

microscope 

Set of lenses for ditto 

Camera lucida. 

Micrometer for stage from5«. to 

^ to eye-piece 

Live boxes from 6s. 6d, to 

Compressorium 

Glass troughs from Ss, 6d, to 

Polarizing apparatus 



£s. 


d. 


17 


6 


1 1 





12 





18 





1 1 





1 





12 


6 


6 





1 10 





7 


6 


1 10 





1 





10 





1 





14 





1 1 





8 


6 


2 10 






PRICES OF OBJECT-GLASSES. 



v)bject-glasses. 



£ s. d, £ 8, 



3 and 1^-inch combination 4 

li-inch 3 

IJand^ " 4 

* " 3 

■Y^ without cone 4 

^^with " 5 

^-inch 5 

i " 7 





4 
3 
4 
5 
5 
7 



Lieberiiuhn'g 
additional. 

d. 




S}« 



15 












11 



-0 10 



O 6 



^•WMr^ 
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£ s, d. 
Student's Microscope, with quick and 
slow motions to body ; sliding tube, and 
one corrected Huyghenian eye-piece, 
sliding plane, and spring clamping piece 
to stage ; forceps ; &c. ; and packed in 

mahogany case 5 10 

2nd eye-piece 15 

-f^j-inch object-glasses without cone 6 4 
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[These details seem to have been required for the 
information of those to whom Dr. Pereira*s Lecture 
was addressed ; they are therefore here retained, though 
the reader should be aware that such particulars can 
hardly be considered as universally applicable, and that 
various changes in the arrangements and prices are con* 
tinually occurring.] 
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JLoNooii : 
A. ,$iid G. A. Spomswooos, 
MewHUreeuSquaiv. 
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Blaine's Encyclopaedia of Kural 

Sports; or, a complete Account, Historical, 
Practical, and DescriptiTe, of Hantine, 
Shooting, Fi&binv, Racing, and other Field 
Sports and Athletic Amusements of the 
present dar. With upwards oT 600 Wood- 
cuts. A New Edition, thoroughly revised 
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Illustrations. 8to. price oO«. 

Blair's Chronological and His- 
torical Tables, from the Creation to the 
present Time: with Additions and Cor- 
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including the Computation of St. Paul, as 
connecting the Period from the Exode to 
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Hrnry Ellis, K.H. New Edition, with 
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Bloomfield.— The Greek Testa- 
ment! With copious English Notes. Critical, 
Philological, and Explanatory. Especially 
formed for the use of advanced Students ana 
Candidates for Holy Orders. By the Rev. 
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Edition. 3 vols. 8to. with Map, price £i. 
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New Edition ; with 33 Steel Plates, and 
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with a clear Exposition of tne Law relating 
to the Distribution of Personal Estate in 
the case of Intestacy, two Forms of Wills, 
and much useful Information. New ana 
enlarged Edition ; including the prorislons 
of the Wills Act Amendment Act. Fcp. 
8to. price 2f.6tf. 

Hudson's Executor's Guide. 

New and enlarged Edition ; with the Addi- 
tion of Direcnons for paying Succession 
Duties on Real Property under Wills and 
Intestacies, and a Tbble for finding the 
Values of Annuities and the Amount of 
Legacy and Succession Duty thereon. Fcp. 
8to. price 6«. 

Humholdt's Cosmos. — Trans- 
lated with the Author's authority, by Mrs. 
Sabinb. Vols. I. and II. 16mo. Haif-a- 
Crown each, sewed ; 3«. 9d. each cloth : or 
in post 8to. 12s. M. each cloth. Vol. IIL 

rost 8to. 12«. 6d. cloth : or in )6mo. Part 
. 2«. 6d. sewed, St. 6tf. cloth { and Part 
II. 3«. sewed, 4f. cloth. 

Humboldt's Aspects of Nature. 

Translated, with the Author's authority, by 
Mrs. Sabivb. New Edition. 16mo. farice 
6«. : or in 2 vols. it. td. each cloth ; 8«. M. 
each sewed. 



Humphreys. — Sentiments and 

Similes of Shalcspeare. With an elaborately 
illuminated border in the characteristic 
style of the Elizabethan Period, massive 
rarred corers, and other Embellishments, 
designed and executed by H. N. Hum- 
PHBBrs. Square, post 8to. price 2U. 

Hunt. — Researches on Light in 

its Chemical Relations ; Embracing a Con- 
sideration of all the Photoflraphic Proces- 
ses. By RoBBBT Hunt, FIh.S., Professor 
of Physics in the Metropolitan School of 
Science. Second Edition ; with Plate and 
Woodcuts. 8to. price 10i.6tf. 

Idle.— Hints on Shooting, Fish- 
ing, etc. both on Sea and Land, and in the 
Freshwater Lochs of Scotland t being the 
Experiences of Chkistophbr Idlb, Esq. 
Fcp.8TO.fif. 

Krs. Jameson's Legends of the 

Saints and Martyrs. Forming the First 
Series of Sacred and Legendary Art, 
Second Edition 1 with numerous Wood- 
cuts, and 16 Etchings by the Author. Square 
crown 8to. price 28s. 

Krs. Jameson's Legends of the 

Monastic Orders, as represented in the 
Fine Arts. Forming the Second Series of 
Sacred and Legendary Art. Second Edi- 
tion, corrected and enlarged ; with 11 Etch* 
ings by the Antlior, and 88 Woodcuts. 
Square crown Bwo. price 28*. 

Krs. Jameson's Legends of the 

Madonna, as represented in the Fine Arts. 
Forming the lliird Series of Sacred and 
Legendary Art. With 85 Drawings by the 
Author, and 152 Wood EugraTings. Square 
crown 8to. price 28f. 

Krs. Jameson.— Sisters of Cha- 
rity, Catholic and Protestant, Abroad and 
at Home. By Mrs. Jambsom, Author of 
Sacred and L^endary Art. Second Edition, 
with a new Prefiice. Fcp. 8vo. 4«. 

Jameson.— A Commonplace Book 

of Thoughts, Memories, and Fancies, Ori- 

g'mti and Selected. Part I. Ethics and 
haracter; Part II. Literature and Art. By 
Mrs.jAMBSON. With Etchings and Wood 
Engravings. Square crown 8to. price I8«. 

Jaquemet.— A Compendium of 

Chronology: Containing the most important 
Dates of General History, Political, Eccle* 
siastical, and Literary, from the Creation of 
the World to the end of the Year 1854. By 
F. H. Jaqcbmbt. Edited by theRcT. JoHH 
Alcorn, M.A. Post 8ro. Jt.Bd. 

Lord Jefi^y's Contributions to 

the Edinburgh Review. A New Edition. 
complete la One Volume ; «dth Portrait and 
Vignette. Square crown 8to. 21«. doth; 
or 90*. calf. 

*,* Also a LIBRARY EDITION, in 3 
Tols. 8vo. price 42« . 
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NEW W0EK8 AND NEW EDITIONS 



Bishop Jeremy Taylor's Entire 

Works t Wltb bis Life, br BUbop Hbbxr. 
RevUed and corrected by toe Rer. Chablbs 
Paob Edbn, Fellow of Oriel CoUege, Ox 
ford. Complete in 10toI«.8to.10«. 6c. each. 

Johns and Nicolas.— The Calen- 
dar of Victory : Being; a Record of Britisb 
Valour and Conqueat by Sea and Land, on 
every Day in the Year, from the Earlleat 
Period to the Battle of Inkermann. Pro- 

J acted and commenced by the late Major 
loHNB, R.M. ; completed by Lieut. P. H. 
NiooLAi,R.M. Fcp. 8to. price i2«. 6tf. 

Johnston.— A New Dictionary of 

Geoffraphy, DescriptiTe, Phjraicai, Statia- 
ticai, and Hlatoricalt Forming; a complete 
General Gasetteer of the World. By A. 
Kbith Johnston.F.R.S.S. Second Edition, 
brought down to May. 1855 ; in 1 vol. of 1360 

fages, compriring about 60,000 Namea of 
lace*. 8vo. 36«. cloth i or half-bound in 
rusiia, 41«. 

Jones (Owen).~nower8 and 

their Kindred ThoughU: A Series of 
Stanzas. By Mabt Anmb Bacon. With 
beautiful Illustrations of Flowers, designed 
and executed in Illuminated Printing by 
Owen Jones. A New Edition. Impl. Sro. 

[Nearlf rtadp. 

Kalisch.— Historical and Criti- 
cal Commentary on the Old Testament. By 
Dr. M. Kausch, M.A. First Portion- 
Exodus : in Hebrew and English, with 
copious Notes, Critical,' Philological, and 
Explanatory. Sro. I5«. 

%* An Edition of the Ejeodut^ as abore 
(for the use of English readers), comprising 
the English Translation, and an abridged 
Commentary. Sro. price 12«. 

Kemble.— The Saxons in Eng- 
land : A History of the English Common- 
wealth till the period of the Norman Con- 
iuest. By Jobn Mitobbi.!. KbmbuIj 
[.A., F.C.P.S., etc. -2 vols. 8to. price 3St. 

Kemp.--The Fhasis of Matter: 

Being an Outline of the UiscoTeries and 
Application of Modern Chemistry. By T. 
Ln<DX.BT Kbmp, M.D., Author of The 
Natural Hittory of Creation, Indicationt 
of In$tinctt etc. With 148 Woodcuts. 
2 vols, crown Sro. 21«. 

Kesteven.— A Manual of Do- 
mestic Practice of Medicine, etc. By W. 
B. Kbstbvbn, F.R.C.S. Square post Sro. 

[/m thtpresi, 

Kippis's Collection of Hymns 

i and Fsalnis for Public and Prirate Worship. 

, New Edition: including a New Snpple- 

I ment by the Rev. Edmund Kkll, M.A. 

j 18mo. price 4i. cloth i or 4$.6d. roan. 



Kirby &Spence's Introduction 

to Entomology t or. Elements of the Na- 
tural History of Insects: comprising an 
account of noxious and useful Insects, of 
their Metamorphoses, Food, Stratagems, 
Habitations, Societies, Motions, Noises, 
Hybernation, Instinct, etc. New Edition. 
3 rols. Sro. with Plates, price 31«. 6d. 

Laing*s(S.) Observations on the 

Social and Political State of Denmark and 
the Duchies of Sleswickand Holsteinin 1861: 
Being the Third Series of Note$ of a Tra- 
veller. Sro. price 13«. 

Laing's (S.) Observations on the 

Social and Political State of the European 
People in 1848 and 1849 i Being the Se- 
cond Series of Noteg of a Traveller. Sro. 
price 14«. 

*«* The Pint 8erie$, In I6mo. price 29, 6d. 

L. E. L.~The Poetical Works 

of Letitia Elisabeth Landon. New Edition ; 
with 3 Vignettes by Richard Doyle. S rols. 
16mo. price 10«. cloth t morocco, Sl«. 

Dr. Latham on Diseases of the 

Heart. Lectures on Subjects connected 
with Clinical Mediciue: Diseases of the 
Heart. Br P. M. Latham, M.D., Physician 
Extraordinary to the Queen. New Edition. 
2 rols. l2mo. price 16«. 

Mrs. B. Lee's Elements of Na- 
tural Hif tory i or First Principles of Zoo- 
logy : comprising the Principles of Classi- 
fication, interspersed with amusing and 
instructire Accounts of the most remark- 
able Animals. New Edition, enlaraed; 
with numerous additional Woodcuts. Fcp. 
Sro. price 7a. 6d. 

Lindley.— The Theory and Prac- 
tice of Horticulture i or, an Attempt to 
explain the principal Operations of Garden- 
ing upon Phrsiological Grounds : Being the 
Second Edition of the Theory of Hortteul- 
ture, much enlarged ; with 93 Woodcuts. 
By John LiirDi.BT, FhJ>., F.R.S., Vice- 
Secretary of the Horticultoral Socie^; 
Professor of Botany in Unirertity College, 
London. Sro. 21 1. 

Dr. John Lindley 's Introduction 

to Botanr. New Edition, with Corrections 
and copious Additions ; Six Plates mad 
numerous Woodcuts. Sro. price 34t. 

Linwood.— Anthologia Oz<mien- 

sis ; sire, Florileginm e lusibns poetids di- 
renorum Oxoniensium Graecis et Latinis 
decerptum. Cnrante Gi7X>ibzjwo lamrooD, 
M.A. Sro. price 14*. 

Lorimer's (OLetters toaYoung 

Master Mariner on some Subjects connMted 
with hisCailing. New Edition. Fcp. 8vo« 
price 5t, €d. 



T LOHQMAN. BBOWIf. xMD Co. 



LARDNER'S CABINET CYCLOPjEDIA 

Bla lOHH BUSCn^-^ I StB WaLTSK SCOTT, 

ROBERT soirrHEVj^ ' Bl^H(lP thijilwUll, 



CpmpleM [nim.oll.Ftp.Slo. .illiTllMHt 
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NEW WORKS AHD 



Londciii's SaeyelopKdia of Gax- 



Lamlon'BEncyelopndis of Trees 

(■■• BrilaiilnB abiUnit CoDBliInE 
Ike HhiIt Tnei tmi Anki of Onu 



StSS-i 



■^i^J,:^ 



London'! EncyelopEBdik of Agrl- 

Prapenr, jiDd'oT Ibt CoiHYUloD ud Eco. 
D«iT at ibe AiIuaL kDd Vutbbla P». 
drnrdsm or A^ricolim. N« ICUiIn | 

Loudon's EncyclDpiBdia of 
Second Additional Snpplenunt 

In" iSl'ld' h"" "'"£"*? "" " '^i^'i 
I8U. WIU ibme mm tVuilciiu. a>«.SIi. 

IiDodon'a EDejrcIopEdia of Cot- 

ud !niii An^ili^ liUdtij^T^anV- 
DT InDi, FlbllsHlDlH, ud Puncbkl 



XIU>WDOdruu. af d- tTif e B;ii, 

London'! Eortiu Biitannlciii] 



Kn. Loudon'i Amatcnr 6u- 
Low.— A n«»tlse on the Do- 

Loir's Elements of FrMtlesI 



Hseanlay .— The History ofEng- 



Xi, HseaoIsy'B OiltlEal and 



KMsnlay.— Lays of Anetmt 



lb. Haeaulsy's Idiys of Anslent 

Bim.. WIIki.ui.«n...lUuI»ilau.(M. 

UEteI>oiuad.-Wlthin and With* 
HMdousld.— VUU TcnocUo) 



PUBLISHED BT LONGMAN, BBOWN, and Go. 



15 



ICaciiitosli.— A miitary Tour in 

European Tarker, the Crimea, and on the 
Eastern Shores of the Black Seat Including 
Routes across tho Balkan into Bulgaria, 
and Ezcmrsions la the Turkish, Russian, 
and Persian Provinces of the Caucasian 
B^nge. By Msjor-Gen. A. F. Mackintosh, 
K.H.,F.R.G.S.,F.O.S. Second Edition, with 
Maps. Post 8to. 10*. M. 

Sir James Mackintosli's History 

of England from the Earliest Times to the 
final Establishment of the Reformation. 
Library Edition, revised by the Author's 
Son. StoIs. 8to. price 31«. 

Mac]dntosh.--Sir James Mack- 
intosh's Miscellaneous Works t Including 
his Contribntious to the Edinburgh Review. 
Complete in One Volume t with Portrait 
and vignette. Square crown 8vo. price 21«. 
cloth ; or 30«. bound in calf. 

••• Also a NEW EDITION, in 8 toU. 
fcap. 8ro. price 3U. 

Made od.— The Theory and 

Practice of Banking : With the Elementary 
Principles of Currency, Prices, Credit, and 
ExchuHres. By Hbmbt Doknimo Mao- 
LXOD, of the Inner Temple, Esq., Barrister- 
at*Law ; Fellow of the Cambridge Philoso- 
phical Society. In Two Volumes. Volume 
.. the First comprising the Theoiy of Banking 
Vol. I. royal 8to. lis. 

M'Oulloch. — A Dictionary, 

Practical, Theoretical, and Historical, of 
Commerce and Commercial Navi^ion. 
Illustrated with Maps and Plans. By J. R. 
M'CvixooH, Esq. New Edition ; embrac. 
ing a large mass of new and important In. 
formation in regard to the Trade, Commer- 
cial Law, and MaTigation of this and other 
Countries. 8to. price 60*. cloth ; half-russia, 
with flexible back, 56t. 



Mann.r The Philosophy of Re- 

Stduction. By Bobbrt Jamxs Mann, 
D., P.R.A.S., Author of The Guide to 
the Knowledge 9f Life ^%ht Book of Healthy 
Leuotu in Oenerat Knowledref etc. With 
EngraTlnga on Wood. Fcp. 8to. 4$. 6tf. 

Mrs. Marcet's Conversations on 

Chemistry, In which the Elements of that 
Science are famillariy Explained and Illus- 
trated by Experiments. New and hnproTcd 
Edition. 3 toIs. fcp. 8to. price lis. 

Mrs. Marcet's Conversations on 

Natural Philosophy, in which the Elements 
of that Science are famlHarly explained. 
New Edition, enlarged and corrected j with 
23 Plates. Fcp. Sro. price lOs. 6d, 

Mrs. Marcet's Conversations on 

Political Economy, In which the Elements 
of that Science are famlliarlr explained. 
New Edition. Fcp. 8ro. price /«• 6a. 



Mrs. Marcet's Conversations on 




Plates. Fcp. Sro. price 9$. 



Mrs. Marcet's Conversations on 

Land and Water. New Edition, revised 
and corrected t with a coloured Mrp, shew- 
ing the comparatlTS Altitude of Mountains. 
Fcp. 8to. price 6a. fid. 

Marry at.— Mountains and Mole- 
hills ; or. Recollections of a Burnt JoumaL 
By Frank Marrtat, Author of Borneo 
and the Eattem Archipelago. With many 
Illustrations on Wood and in Colours, from 
Drawings by the Author. 8to. price 21«. 

Martineau (J.)— Endeavours 

after the Christian Life : Discourses. By 
Jambs M artinsau. S vols, post Sro. price 
7«. 6d. each. 



M'Onllocli.-A Wctionwy, ^rt'JJil'^it^Z^'^^:^^' 



Geographical, Statistical, and Historical, 
of the various Countries, Places, and Prin* 
clpal Natural Objects in the World. By 
J. R. M'CuixooH, Eso. Illustrated with 
Six large Maps. New Edition, revised, with 
a Supplement. 3 vols. 8to. price 68«. 

M'Culloch. ~ An Acconnt, De- 

scriptlTO and Sutistical of the British 
Empire i Exhibiting its Extent, Physical 
Caracities, Population, Industry, and dvil 
and Religions Institutions. By J. R. M'Cui.- 
rocH, S»Q. Fourth Edition, revised i with 
an Appendix of Tables. 3 vols.Svo. price i3«. 

Maitland.— The Chnrch in the 

Catacombs: A Description of the Priml. 
tive Chnrch of Rome, illustrated by its 
Sepulchral Remains. By the Rev. Chabuis 
Maitland. 8vo. price lis. 



Comprising Essays on Dr. Priestlev, Ar- 
nold's Life and Corretpondenee^ Church 
and State, Theodore Parker's Diaeoune of 
Seligiont ** Phases of F^th,*' the Church 
of England, and the Battle of the Churches. 
By Jajus Martimsau. Post 8vo. 9«. 

Martineau.— Church History in 

Englaud t Being a Sketch of the Historv of 
the Church or England from the Eariiest 
Times to the Period of the Reformation. 
By the Rev. Artbitr Martinbav, M.A. 
ISimo. price da. 

Maunder's Biographical Trea- 
sury } consisting of Memoirs,Sketches,aBd 
brief Notices of above 12,000 Eminent Per- 
sons of all Aires and Nations, from the 
Earliest Periodof History. Eighth Edition , 
revised throughout, and brought down to 
the close of the year ISM. Fcjp. 8vo. 10s. 
cloth ; bound in roan. ISs. t calf, 13«. 64. 
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NEW WORKS AND NEW EDITIONS 



Maonder's Historical Treasury) 

compriiing; a General Introductory Outline 
of Univeraal History, Ancient and Modern, 
and a Series of separate Histories of every 
principal Nation. New Edition i revised 
ttirouffhoat, and brought down to the Pre- 
sent Time. Pep. 8to. 10«. cloth; roan, 
12«. } calf, 12«. 6d. 

Maonder's Scientific and Lite- 
rary Treasury: A New and Popular Bn- 
cyclopsedia of Science and the Belles- 
Lettres ; including all Branches of Science- 
and every subject connected with Litera- 
ture and Art. New Edition. Fcp. 8vo. 
firice 10«. cloth ; bound in roan, 12t. ; calf 
ettered, \2$. 6d. 

Maonder's Treasury of Natural 

History ; Or, a Popular Dictionary of Ani- 
mated Nature: In which the Zoological 
Characteristics thatdistin^uishthe different 
Classes, Genera, and Species, are combined 
with a varietv of interesting Information 
illustrative or the Animal Kingdom. With 
900 Woodcuts. New Edition ; with 900 
Woodcuts. Fcp. 8vo. price 10«. cloth; 
roan,12«.; calf, 12«. 6if. 

Maunder's Treasury of Know- 
ledge, and Library of Reference. Compris- 
ing an English Dictionary and Grammar, 
an Universal Gazetteer, a Classical Diction- 
ary, a Chronology, a Law Dictionary, a 
Synopsis of the Peerage, numerous useful 
Tables, etc. The Twentieth Edition re- 
vised and corrected : With some Addi- 
tions. Fcp 8vo. price 10«. cloth ; bound in 
roan, 12«. ; calf, 12i. 6d. 

Merivale. — A History of the 

Romans under the Empire. By the Rev. 
CaARi.E8 Mbritaxb, B.D., late Fellow of 
St. John's College, Cambridge. Vols. I. 
to III. 8vo. price 42f. 

Merivale —The Pall of the Ro- 
man Republic : A Short History of the last 
Century of the Commonweidth, By the Rev. 
Chablbs MBRrvALS, B.D. 12mo. 7*. 6tf. 

Merivale.*— An Account of the 

Life and Letters of Cicero. Translated 
from the German of Abeken t and Edited by 
the Rev. C. Mbbivalb, B.D. l2mo. 9«. 6tf. 

Miles.— A Plain Treatise on 

Horseshoeing. By William Milxs, Riq., 
Author of The Horte'a Foot and how to 
heep it sound. With Plates and Woodcuts. 
Small 4to. 6$. 

Milner.— The Crimea, its An- 
cient and Modem History: the Khans, the 
Sultans, and the Czars : with Slcetches of its 
Scenery and Population. By the Rev. T. 
Milner, M.A., F.R.G.S., Author of The 
Baltic, ita Gatet^ Shoret^ and Citiet. Post 
8vu. with 3 Maps, 10«. %d. 



Milner.—The Baltic \ Its Gates, 

Shores, and Cities: With a Notice of. the 
White Sea. By the Rev. T. Miutbb, M.A., 
F,R.G.S. Post 8vo. with Map, price lOi. M. 

Milner's History of the Church 

of Christ. With Additions by the late Rev. 
Isaac Mn.NBB, D.D., F.R.S. A New 
Edition, revised, with additional Notes 
by the Rev. T. Gbakthaic, B.D. 4 vols- 
8vo. price 52«. 

Montgomery.— Memoirs of the 

Life and Writinss of James Montgomery : 
Including Selections from his Correspond- 
ence, Remains in Prose and Verse t aad 
Conversations. By John Hollamd and 
James Etbrbtt. M^th Portraits and Vte- 
nettes. Vols . I . and II . post 8vo . price 21$. 

••• Vols. III. and IV. arc in tkepreu. 



Montgomery.— Original Hymns 

for Public, Social, and Private Devotion. 
By Jambs Momtoombbt . 18mo. 6a, 6d. 

James Montgomery's Poetical 

Works: Collective Edition; with the 
Author's Autobiographical Prefaces, com- 
plete in One Volume; with Porthit and 
Vignette. Square crown 8vo. price lOv.M. 
cloth ; morocco, 21«.— Or in 4to18. fcp.Svo. 
with Portrait, and seven PUtes, price I4t. 

Moore.— Man and his Motives. 

By Obobob Mooke.M.D., Member of the 
Royal College of Phyaiciana. Third and 
cheaper Edition. Fcp. 8vo. price 6f. 

Moore.— The Power of the- Soul 

over the Body, considered in relation to 
Health and Morals. By Gbobob Moobb, 
M.D., Member of the Rovai College of 
Physiciann, etc. F(/lrA and cheaper iIiN<ie«. 
Fcp. 8vo. price 6a. 

Moore.— The Use of the Body in 

• relation to the Mind. By Obobob Moobb, 
M.D., Member of the Ro]ral College of 
Physicians. Third and cheaper BdUion, 
Fcp. 8vo. price 6«. 



Moore. — Health, Disease, and 

Remedy, familiarly and praeticaUy con« 
sidered in a few of their Relatlous to the 
Blood. By Gbobob Mookx» MJ>. Post 
8vo. 7*. 6d. 



Moore.— Memoirs, Journal, and 

Correspondence of Thomas Moor*. Edlt«4 
by the Rig bt Hon. Lobd Johw BuauoAt 
M.P. With Portraits and Vignette lU«a«rB- 
tions. Vols. I. to VI. poatSvo. IQi. Sd, each. 



r LONGMAN, BEOWN, a 



:'aP«etlea]Worlct. 



Hoore'a Iriih Melodies lUns- 



Moore's Iriih Helodles. lUns- 



Hoore'a Lall> BooUi i An Orl- 






Hoselcy.'— The MechaniealFTlD- 



Miir«.— A Orittckl Hiatory e 



Nesle. - 



BImd Ittiia the 



Neftle.-The Bicbea that bring 
Neale, — The Earthly Beating 
Keale.— The Closing Scene i or 



Newman.— IHaeomses addieaaed 

"tr. I>ri»l?( lb° OtUvtt sI 8>. Philip 



Oldacre— The Last of the Old 



Oldmlxon.— Gleanings fromPte- 



Ople IHts.)— Hemorlala of the 



Osbom. — A NarratlTB of the 



[,ftu.™ 
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NEW WORKS AND NEW EDITIONS 



Owen.— Lectures on the Com- 

parative Anatomy and Phjtloloinr nf the 
InTertebrate Animals. ByBtcBARoOwsN, 
F.R.S. Honterian Professor in the Royal 
Collere of Surgfeons. Second Edition, 
greatfy enlarged ; irith S35 Woodcuts. 8to. 
price Xl«. 

Professor Owen's Lectures on 

the Comparatire Anatomy and Physiolnory 
of the Vertebrate Animals. With numer- 
ous Woodcuts. Vol. I. 8to. price 14«. 

The Complete Works of Blaise 

Pascal. Translated from the French, with 
Memoir, Introductions to the Tarioas 
Works, Editorial Notes, and Appeudicei, 
by Gborgb Pba.rcb, Esq. 8 Tols . post 8to. 
with Portrait. 35f.6tf. 

Dr. Pereira's Lectures on Po- 
larised Light, together with a Lectare on 
the Microscope, delivered before the Phar- 
maceutical Society of Great Britain, and at 
the Medical School of the London Hospital. 
Second Edition, enlarged from Materials 
left by the Author, by the Ker. Badbn 
PowBu;., M.A.*etc Fcp.Sro. with Wood- 
cuts, 7«. 

Dr. Pereira's Elements of Ma- 
teria Medica and Therapeutics. Third 
Edition t enlaived and improTcd firom the 
Author's Materials bv A.8.TAri,0R. M.D., 
and G. O. Rbbs. M.D. With numerous 
Woodcuts. Vol. 1. 8to. 38«. ; Vol. II. Part 
1.17<.i Vol.II.PartI1.34«. 

Dr. Pereira's Treatise on Food 

and Diet. With Observations on the Dlete- 
ticalRerimen suited for Disordered States 
of the Digestive Organs; and an Account of 
the Dietaries of some of the principal Me- 
tropolitan and other EsUblishments for 
Paupers, Lunatics, CriminalSfChildren, the 
Sicl(,etc. 8vo. 16«. 

Peschel's Elements of Physics. 

Translated from the German, with Notes, 
by B. Wbst. With Diagrams and Wood- 
cuts. 3 vols. fcp.Svo. price 21«. 

P f e 1 ffe r.— A Second Journey 

round the World. By Madame Ida Ppbip- 
FBR. i vols, post 8vo. [Jtut ready. 

Phillips.~A Guide to Geology. 

By John Phillips, M.A. F.R.S. F.6.8., 
Deputv Reader in Geology in the University 
of Oxford. Fourth Edition, with 4 Plates. 
Fcp. 8vo. price 6«. 

Phillips's Elementary Intro- 
duction to Mineralogy. A New Edition, 
with extensive Alterations and Additions, 
bvH. J.Brookb, F.R.8., F.G.8.; andW. 
H.Miu,BR. M.A., F.G.S., Professor of 
Mineralogy in the University of Cambridire. 
With numerous Woodcuts. Post 8vo. 18«. 



Phillips.— Figures andDeserip- 

tionsof the Palaeosoic Fossils of Cornwall, 
Devon, and West Somerset; observed in 
the course of the Ordnance Geological Sur- 
vey of that District. By John PHiixirs, 
M.A. etc. 8to. with 60 Plates, price 9a, 

Piscator.— The Choice and Oook- 

ery of Fish: A Practical Treatise. Bf Pit- 
catob. Fcp. 8vo, 6$. M. 

Captain Portlock's Report op 

the Geology of the County of Londondertr, 
and of Parti of Tyrone and Femanagn, 
examined and described under the Autho- 
rity of the Master-General and Board of 
Ordnance. 8vo. with 48 Plates, price 34c. 

Powell*— Essays on the Spirit 

of the Inductive Philosophv, the Unity of 
Worlds, and the Philosopny of Creaaon. 
By the Rev. Badbn Powbli.. M.A., F.R.8., 
F.R.A.S., F.6.S., Savilian Professor of Geo- 
metry in the University of Oxford. Crown 
8vo. 12$. 6d. 

Puhnan's Vade-Xecum of Fly- 

Fishing for Ttrout ; being a complete Prac 
\ical Treatise on that Branch of the Art of 
Angling; with plain and copious Instruc- 
tions for the Manufacture of Artificial Flies. 
Third Edition, with Woodcuts. Fcp. 8vo. 
price 6«. 

Pycroft's Course of English 



Reading, adapted to every Taste and Ca- 
pacity ; l^tb Literarr Anecdotes. N( 
and cheaper Edition. Fcp. 8vo. price 6c. 



Baikes.— A Portion of the Jour- 



nal kept bv Thomas Raikes, Esq., frmn 1881 
to 1847 : Comprising Reminiscences of So- 
cial and Political Life in Lnndon and Paris 



during that period. [/« prtpmuition. 

Dr. Beece's Xedical Guide f for 

the use of the Clergr, Heads of Famllle*, 
Schools, and Junior Medical Pimetitioners: 
Comprising a complete Modem Diipeiisa- 
tory, and a Practical Treatise on the matin* 
gnisbing Symptoms, Causes, Prevention, 
Cure, and Palliation of the Diseases incident 
to the H nman Frame. Seventeenth Edition, 
corrected and enlarged by the Author's 
Son. 8vo. price 13«. 

Bdch's Illustrated Companion 

to the Latin Dictionarvand Greek Lexicon: 
Forming a Glossary of all the Words repre* 
sentlng visible Objects connected with the 
Arts, Manufactures, and EverT>day life of 
the Ancients. With Woodcut Kewcseata- 
tions of nearly 3,000 Objects fross the 
Antique. Post 8vo . price Sic. 

Sir J. Bichardson's Journal of 

a Boat Voyage through Rupert's Land and 
the Arctic Sea, in Search of the Diaeorety 
Ships under Command of Sir John FrankUn. 
WIA an Appendix on the Phvaieal Geo- 
graphy of North America { a Map, Plates, 
and Woodcuts. S vols. 8vo. price 81c. fUL 



at LONUHAM, I 



HotMniaiiihipi ut, tbe Art of 
Btekaids.— FopnlsUou and 



BIddle'a Camplete LaUn-EnS' 



BlcUUe't DUmond Latia-Eag;- 

Cliuli^ Word;. Bli]>lS^D.prici4i, 

lUms'a Rose- AnuteoT's Guide; 

IIUHT •«' »l>4> of CnLlmn. T&, m'mtl 

: E. Roblimoii'i fitt€k and 



Dr. Roget't ThcBBnriu of Eng- 



Bovton't Deliatar: A SeriM of 
Letters of Bachael Lady Em- 






The Saints our Example. By 
Schmitz. — History of Greece, 

SorlTeiiOT.~Hlstary of tbe Iron 



Sir Edward SMvard's Nana- 



The Sermon In the Monnt. 



Self-Denlal the Preparation for 



D XEW EDITIONS 



SewelL— The Earl's Daughter. 
Sevell.— Oertmde i A Tale. By 



Sevell.— LanetOD Pusonagei A 



SewelL-^UargsretPerdTal. By 
CleveHall. 3 voi>. ftp. B»o. is.. 

Kothaiine Aaiton. New Edition. 

The Experience of Life, Nen 

Eeadlnss for a Houtli Frepara- 



Short Whiat) Its Bise, Pro- 



Sinclair.— The Janrney of Lib. 
Sir Rogei Se Ooverley. From 

Smith's Sacred Anoali.— Sacred 
Bacred Amulai Vol. I. The 



Beadingi for Every Day in I Hfiu.™ •!>* Bdijina ■ 



The FamU7 Shakspearei in 



Sharp'a Nev British Gazetteer, 

Ulinl^^id Nun* Bm I CoaprUIni C"n. 



Smee's Blementa of Eleetro- 
A Hemdi of the.Bev. Sydney 
The WoTkB of the Ber. Sydney 

Sn. Fflii Hi dolk'i oiS)!. aU. 
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The Rev. Sydney Smith's Ele- 

lueiitarj Sketche* uf Morml Fbiloiopbjr, 
delivered at the Royal Inatitatlon in ihe 
y«ar» 1804. 1805, and 1806. Third and 
cheaper Edition. Fcp. 8to. price 7$. 

The Life and Correspondence of 

the late Robert Sonthey. Edited by his 
Sun« the Rct. C.C.Sodthbt, M.A. vicar 
of Ardleigh. With Portraits; and Land- 
scape lUoatraUoni. 6 toU. post 8to. 63«. 

Southey's Life of Wesley ; and 

Rise and Pruffress of Methodism. New 
Edition, with Notes and Additions, by the 
late Samael Taylor (Coleridge, Esq , and the 
late Alexander Knox. Esq Edited by the 
Rev.C.C.SotrrBRT,M.A. 3Tols.8TO.with 
2 Portraits, price 28ji. 

Sonthey's Commonplace Books. 

Cumprising— 1. Choice Passages; with Col 
lections for the History of Manners and 
Literature in Rnffland ; 2. Special Coller- 
tiuns on Tarioiu Historieal and Tbeoio|pcai 
Subjects; 3. Analytical Readings in Tarious 
branches of Literature; and A. Original 
Memoranda, Literary and Miscellaneous. 
Edited by the Rev. J. Vf . Wartbr, B.O. 
4 Tols. square crown 8to. price jM 18«. 

Bach Commenplate Book, complete in it* 
self, mtiy be nad separately as follows i— 

FiBST Seribs-CHOICE PASSAGES. 18t. 

Id 8ERIBS-SPECIAL COLLECTIONS, 18«. 

to Seriss -ANALYTICAL READINGS, 2U. 

4TH Sbribs— ORIGlNALM£MORANOA,21< 

Robert Sonthey's Poetical 

Works; containing ail the Author's last 
Introductions and Notes. Complete in One 
Volume, with Portrait and Vignette. Me- 
dium 8to. price 2U. cloth; A2$. bound in 

.morocco. Or in lOTols.fcp. Svo.with Por 

'trait and 19 Plates, price 35«. 

Select Works of the British 

Poets; from Chaucer to Lovelace, inclu- 
sive. With Biographical Sketches by the 
late RoBBRT SoDTHET. M cdium 8to . 30*. 



I Sonthey's Doctor. Complete 

I in One Volume. Edited by the Rev. J. W. 
Wabteb, B.D. With Portrait, Vignette, 
Bii-it, aird rolonred Plate. New Edition. 
Square crown Svo. price 21«. 

Spencer.— The Principles of 

Pyscholoiry. By Herbbut Spe.ncer, Au- 
thor of Social StaticM. 8to, 16t. 

I 

[ Sir James Stephen's Lectures 

on the History of France. Second Edition. 
2 Tols. 8tu. price 24* . 

I 

Sir James Stephen's Essays in 

Eci.'icsiastical Bini^ritphy; from the Edin- 
burgh Review. Third l!.dition. 2 vols. 8to. 
price 24f. 
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Stonehenge. — The Greyhound : 

Bein|^ a Trentiae on the Art of Breeding, 
Reanug, and Training Greyhounds for Pub 
lie Running: their Diseases and Treat 
ment : Containing also. Rules for the Ma- 
nagement of Coursing Meetings, and for 
the Decision of Courses. By Stonehbnob, 
With Frontispiece and many Woodcuts. 
Square crown 8to. price 21«. 

Stow. — The Training System, 

the Moral Training School, aud the Normal 
Seminary for preparing School Trainers and 
Governesses. By David Stow, Esq., 
Honorarv Secretary to the Glasgow Nomwl 
Free Seminary. Tenth Edition; with Plates 
and Woodcuts. Post 8to. price 6«. 

Br. Sutherland's Journal of a 

Voyi^re in Baffin's Bay and Barrow's 
Straits, in the Years 1850 and 1851, per- 
formed by H. M. Ships Ladjf Franklin 
and Sophia^ under the command of Mr. 
William Penny, in search of the Missing 
Crews <rf H. Mr Ships Errbus and Terror. 
with Charts and Illustrations. 2 vols, 
post 8vo. price 27«. 

Tagart.— Locke's Writings and 

Philosophy hbturically considered, and vin- 
dicated from the Charge of contributing to 
the Scepticism of Hume. ByEowABoTA- 
OART, F.S.A., F.L.S. 8to. lU.Gd. 



Tate.— On the Strength of Ma- 
terials ; containingvaiAous original and use- 
ful Formulae, specially appii^ to Tubular 
Bridges, Wrought Iron and Cast Iron 
Beams, etc. Bv Thomas Tatb, F.Rj\;S. 
Sto. price 5«. 6a. 

Tayler.— Christian Aspects of 

Faith and Dntj : Twenty Discourses. By 
John James Tatlbb, B.A. Second Edim 
tion. Posttfvo. 7«.M. 

Taylor.— Loyola : and Jesuitism 

in its Rudiments. By Isaac Taylor. 
Post 8to. with a Medallion, price 10«. 6d. 

Taylor.-WesleyandMethodism. 

By Isaac Tati,or. Post 8to. with a Por> 
trait, price 10s. M. 

Tegohorski.— Commentaries on 

the ProductiTe Forces of Russia. By L. 
Db Tbgoborskx, Privy. Councillor and 
Member of the Imperial Council of Russia. 
Vol. 1. 8vo. ptice 14*. 

Thirlwall.-The History of 

Greece. Bv the Right Rev. the Lojld 
Bishop of i»T. David's (the Rev. Counop 
Thirlwall) . An improved Library Edition ; 
with Maps. A vols. 8vo. price JSa. 

Also, an Edition in 8 vols. fcp. 8to. with 
Vignette Titles, price 28t. 



22 NEW WORKS AND NEW EDITIONS 



THE TBAVELLEBS LIBBABT, 

In conrte of PabHcation in VolameR price S«. 6d. each. Comprising books of ralvkble inform- 
ation and acknowledged merit, in a form adapted for reading wriiile TrareUing, and also 
of a character that wiU render them worthy of preserration. 

Vol. »• ^' 

I. MACAULAVS ESSAYS on WARREN HASTINGS and LORD CLIVE 2 6 

2. ESSAYS on PITT & CHATHAM, RANKE & GLADSTONE .. ? 6 

3. LAINCS RESIDENCE in NORWAY 3 6 

4. IDA PFEIFFER'S LADY*S VOYAGE ROUND the WORLD 3 6 

5. EOTHEN I or, TRACES of TRAVEL from the EAST 3 6 

6. MACAULAVS ESSAYS on ADDISON, WALPOLE, and LORD BACON .... 8 6 

7. HUC'S TRAVELS IN TARTARY and THIBET 3 6 

8. THOMAS HOLCROFT'S MEMOIRS 3 6 

9. WERNE'S AFRICAN WANDERINGS 3 6 

10. Mrs. JAMESON'S SKETCHES in CANADA 3 6 

11. JERRMANN'S PICTURES from ST. PETERSBURG 3 6 

12. The Rbv. G. R. GLE^G'S LEIPSIC CAMPAIGN 3 6 

13. HUGHES'S AUSTRALIAN COLONIES 3 6 

14. SIR EDWARD SEAWARD'S SHIPWRECK 3 6 

15. ALEXANDRE DUMAS' MEMOIRS of a MAITRE-D'ARMES 3 6 

16. OUR COAL-FIELDS and OUR COAL PITS , 2 6 

17. M'CULLOCH'S LONDON: and GIRONiERE'S PHIUPPINES 3 6 

18. SIR ROGER DE COVERLEY ; and SOUTHEVS LOVE STORY 3 6 

,„ /LORD CARLISLE'S LECTURES AND ADDRESSES ; and JEFFREY'S^ q « 

19*1 ESSAYS on SWIFT and RICHARDSON J * " 

JO. HOPE'S BIBLE in BRITTANY and CHASE in BRITTANY 3 6 

21. THE ELECTRIC TELEGRAPH; and NATURAL HISTORY of CREATION .... i C 

22. MEMOIR of DUKE of WELLINGTON; and LIFE of MARSHAL TURENNR 3 6 

23. RANKE'S FERDINAND and MAXIMILIAN; and TURKEY and CHRISTENDOM 2 6 

„, f BARROW'S CONTINENTAL TOUR ; and FERGUSON'S SWISS MEN\ „ - 

3*'X and SWISS MOUNTAINS / * " 

,^ rSOUVESTRE'S ATTIC PHILOSOPHER in PARIS and WORKINGl • « 

^»- 1 MAN'S CONFESSIONS / ^ ® 

„ /MACAULAY'S ESSAYS on LORD BYRON, and the COMIC DRAMATISTS;! <. - 

^- 1 and his SPEECHES on PARLIAMENTARY REFORM /* " 

„ /SHIRLEY BROOKS'S RUSSIANS of the SOUTH; and Db.KEMP'S\ . « 

"•1 IN Die A'nONS of INSTINCT / * * 

28. LANMAN'S ADVENTURES In the WILDS of NORTH AMERICA 3 

29. RUSSIA. By the MARQUIS De CUSTINB 3 6 

30. SELECTIONS from the B«r. SYDNEY SMITH'S WRITINGS, Vol. 1 3 6 

,, fBODENSTEDT and WAGNER'S SCHAMYL ; and M'CULLOCH'S'I , - 

31«\ RUSSIA and TURKEY / ' ^ 

32. LAING'S NOTES of a TRAVELLER, nrst Series 2 6 

33. DURRIEU'S MOROCCO; and an ESSAY on MORMONISM 2 6 

34. RAMBLES in ICELAND. ByPLlNYMILES 2 C 

35. SELECTIONS from the Rbv. SYDNEY SMITH'S WRITINGS, Vol. II 8 6 

„. /HAYWARDS ESSAYS on CHESTERFIELD and SF.LWYN; and MISS\ „ . 

'*^- \ FANNY MAYNE'S ARCTIC VOYAGES and DISCOVERIES / ^ ' 

37. CORNWALL: its MINES, MINERS, and SCENERY 3 6 

38. DANIEL DE FOE and CHARLES CHURCHILL. By JOHN FORSTER, Esq. 2 6 

39. GREGOROVIUS'S CORSICA. Translated by R. MARTINEAU, M.A 8 6 

^ /FRANCIS ARAGO'S AUTOBIOGRAPHY. TransUtcd by the Bbv. B. POWELLI „ , 

"^l PRINTING: Its ANTECEDENTS, ORIGIN, and RESULTS. By A. STARK/ ' " 

41. MASON'S LIFE with the ZULUS of NATAL, SOUTH AFRICA 2 6 

42. FORESTER'S RAMBLES in NORWAY 2 6 
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Thomson, (The Rev. W.)— The 

Atonine Work of Chrisft, viewed in relation 
to some current theoriee t in eiglit Hampton 
Lecturee, witli numeroui Notes. By the 
Rev. W. Tboiuon, M.A.« Feiioir and Tator 
of Qoeea'a College, Ozfordj 8to. price 8i. 

Thomson (The Rev.W.HAn Out- 
line of the Laws of Thought: Being a 
Treatise on Pure and Applied Logic. By 
the Rev. W. Thomson, M. A. Third Edition, 
enlarged. Fcp. 8ro. price 7<« M. 

Thomson's Tables of Interest, 

at Three, Four, Four-and-a-half, and Five 
per Cent., from One Pound to Ten Thou- 
sand, and from 1 to 865 Days, in a regular 
progression of Single Days; with Interest 
at all the above Rates, from One toTwelre 
Months,and from One to Ten Vears. Also, 
numerous other Tables of Exchanges, Time, 
and Discounts. New Edition. 12mo. 8«. 

Thomson's Seasons. Edited by 

Bolton Cornet, Esq. Illustrated with 
Seventy-seven fine Wood Eneravings from 
Designs by Members of the Etching Club. 
Square crown 8vo. price 21«. cloth ; or, 36s. 
bound in morocco. 

The Thumb Bible f or, Verbum 

Sempiternum. By J. Tatloa. Being an 
Epitome of the Old and New Testaments 
in English Verse. Reprinted from the 
Edition, of 1693, bound and clasped. In 
64mo. price Eighteenpence. 

Tooke.— History of Prices and 

of the State of the Circulation, from 1847 to 
the close of 1854. By Thomas Toosb, 
F.R.S. With Contributions by Wuxiam 
Newharch. Being the Fifth and conclud- 
ing Volume of the work ; with an Index to 
the whole work. 8vo. {Ju$t ready, 

Townsend.— The lives of Twelve 

Emiiteut Judges of the Last and of the Pre- 
sent Centiuy. By W. C. Townsjsnd, Esq., 
M.A., Q.C. 2 vols. 8vo. price 28«. 

Townsend.— Modem State Tri- 
als, revised and illustrated with Essays and 
Notes. By W.C. Tovnsxnd, Esq., M.A. 
Q.C. 2 vols. 8vo. price bus. 

TroUope. — The Warden. By 

AN<iaoNTTBOi.LOPK. PostSvo. 10$. 6d. 

Sharon Turner's Sacred His- 
tory of the World, attempted to be Philo- 
sophically considered, in a Series of Letters 
to a Son. New- Edition, revised by the 
Author's Son, the Rev. S. Turner. 
3 vols, post 8vo. price 31«. 6tf. 

Sharon Turner's History ofEng- 

land during the Middle Ages: Comprising 
the Reigns from the Norman Conquest to 
the Accession of Henrv Vill. Fifth Edition, 
revised by the Rev. S. Tubmbr. 4 vols. 
8vo. price 50s. 



Sharon Turner's History of the 

Anglo-Saxons, from the Earliest Period to 
the Norman Conquest. The Seventh Edi- 
tion, revised by the Rev. S. Torker. 
8 vols. 8vo. price 36«. 

Dr. Turton'sManual of the Land 

and Freshwater Shells of the British Is- 
lands. New Edition with considerable Ad- 
ditions ; by John Edward Gra.t. With 
Woodcuts, and 12 coloured Plates. Post 
Svo. price 15«. 

Twining.-Types and Pigures 

of the Bible, illustrated by the Art of the 
Early and Middle Ages. By Miss Louisa 
TwiNiNS, Author of SymOoh and Emblenu 
o/Medlaval ChrUtianArt, With 54 Plates, 
comprising 207 Figures. Post 4to. 2I«. 

Dr. Ure's Dictionary of Arts, 

Manufactures and Mines: Containing a 
clear Exposition of their Principles and 
Practice. Fourth Edition, much enlaiged s 
with all the Information comprised in the 
Supplement of Recent Improvementt 
brought down to the Present Tfme, and 
incorporated: most of the Articles being 
entirely re- written , and manv New Articles 
now first added . With nearly 1,600 Wood- 
cuts. 2 vols.Svo. price 60s. 



Vehse.— Memoirs of the Court, 

Aristocracy, and Diplomacy of Austria. By 
Dr. B. Vehsr. Translated from the German 
by Franz Demmler. 

[In theprett, 

Waterton.— Essays on Natural 

History, chiefly Ornithology. ByCWx- 
TRRTON, Esq. With an Autobiography of 
the Author and Views of Walton Hall. New 
and cheaper Edition. 2 vols. fcp. Svo. 10«. 

Separately: Vol. I. (JElrst Series), o«. 6tf. 
Vol. II. (Second Series), 4«.6<f. 

Alaric Watts's L3rric8 of the 

Heart, and other Poems. With 41 highly- 
finished Line Engravings, executed ex- 
pressly for the work by the most eminent 
Painters and Engravers. Square crown Svo. 
price 31«. ^d. boards, or 4o«. bound in mo- 
rocco; Proof Impressions, 63«. boards. 



Webster and Parkes's Ency- 

cloDKdia of Domestic Economy; Comprising 
sncn subjects as are most immediately 
connected with Housekeeping } As» The 
Construction of Domestic Edifices, with 
the Modes of Warming, Ventilating, and 
Lighting them— A Description of the vari- 
ous Articlesof Furniture, with the Nature 
of their Materials— Duties of Servants, etc. 
New Edition; with nearly 1,000 Woodcuts, 
Svo. price 50«. 



